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  Abstract	  
Poly(lactic	   acid)	   (PLA)	   is	   a	   biodegradable	   aliphatic	   thermoplastic	   polyester	  well	  known	   for	   being	   a	   promising	   alternative	   to	   petroleum-­‐based	   materials	   as	   it	   can	   be	  produced	   from	   renewable	   resources	   at	   low	   cost	   and	   recyclable	   to	   its	   monomer.	  Although	  this	  polymer	  has	  good	  properties	  compared	  to	  other	  biodegradable	  polymers,	  it	   presents	   some	   limitations,	   like	   poor	   thermal	   and	  mechanical	   resistance	   and	   limited	  gas	   barrier	   properties.	   The	   incorporation	   of	   nanoclays	   has	   been	   used	   as	   a	   way	   to	  overcome	   this	   problem.	   Since	   resistance	   to	   UV	   light	   is	   a	   key	   factor	   for	   polymeric	  materials	  used	  in	  outdoor	  applications,	   it	   is	   important	  to	  investigate	  the	  effect	  of	  these	  nanoparticles.	  Thus,	  the	  present	  work	  aims	  to	  investigate	  the	  influence	  of	  clay	  type	  (Cloisite	  30B,	  Cloisite	   15A	   and	   Dellite	   43B)	   and	   amount	   (3	   and	   5	   wt.%)	   on	   PLA	   thermal	   and	   UV	  stability.	   PLA	   and	   PLA	   nanocomposites	   prepared	   by	   melt	   mixing	   were	   submitted	   to	  thermo-­‐oxidative	   degradation	   during	   120	   hours	   and	   exposure	   to	   UV	   light	   in	   an	  accelerated	  chamber	  for	  600	  hours.	  Starting	  materials	  and	  samples	  removed	  along	  the	  degradation	   time	   were	   characterized	   by	   solution	   viscosimetry,	   energy-­‐dispersive	  spectroscopy	   (EDS),	   scanning	   electron	   microscopy	   (SEM),	   X-­‐ray	   diffraction	   (XRD),	  proton	  nuclear	  magnetic	  resonance	  (1H-­‐NMR),	  Fourier	  transform	  infrared	  spectroscopy	  (FTIR),	  thermogravimetry	  (TGA)	  and	  differential	  scanning	  calorimetry	  (DSC).	  	  The	   prepared	   nanocomposites	   exhibited	   intercalated	   structure.	   However,	   the	  presence	  of	  nanoclay	  aggregates	  was	  detected	  in	  C15A	  nanocomposites.	  	  Even	   though	   after	   thermo-­‐oxidative	   degradation	   all	   samples	   exhibited	   a	  significant	  decrease	  in	  intrinsic	  viscosity,	  it	  was	  minor	  for	  nanocomposites	  containing	  3	  wt.%	  nanoclays.	  An	  increase	  in	  the	  crystallinity	  degree	  was	  also	  observed	  for	  degraded	  nanocomposites.	  	  UV	  ageing	   results	   showed	   that	   the	  presence	  of	  nanoclays	   in	  PLA	  matrix	   induces	  polymer	   photo-­‐degradation,	   as	   higher	   decrease	   of	   intrinsic	   viscosity	   and	   changes	   in	  chemical	   structure	   were	   observed.	   FTIR	   spectra	   of	   degraded	   C30B	   nanocomposites	  indicate	  that	  anhydride	  groups	  are	  formed	  during	  photo-­‐degradation.	  PLA	   nanocomposites	   prepared	   in	   the	   present	   work	   exhibited	   higher	   thermal	  stability	  and	  lower	  photo	  stability	  than	  PLA.	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  Resumo	  	  
O	  ácido	  poli-­‐láctico	  (PLA)	  é	  um	  poliéster	  alifático	  biodegradável	  conhecido	  por	  ser	  um	   promissor	   substituto	   de	   materiais	   derivados	   de	   petróleo,	   uma	   vez	   que	   pode	   ser	  produzido	  a	  partir	  de	  recursos	  renováveis	  de	  baixo	  custo	  e	  reciclável	  até	  à	  obtenção	  do	  monómero.	   Embora	   este	   polímero	   apresente	   boas	   propriedades,	   quando	   comparado	  com	   outros	   polímeros	   biodegradáveis,	   também	   apresenta	   algumas	   limitações	   como	  baixa	   resistência	   térmica	   e	   mecânica	   e	   propriedades	   de	   barreira	   limitadas.	   A	  incorporação	  de	  nanoargilas	  em	  PLA	  tem	  sido	  utilizada	  como	  forma	  de	  ultrapassar	  estas	  limitações.	   No	   entanto,	   como	   a	   resistência	   à	   radiação	   é	   um	   fator	   chave	   nos	  materiais	  poliméricos	  quando	  utilizados	  em	  aplicações	  exteriores,	  é	  necessário	  investigar	  o	  efeito	  destas	  nanopartículas.	  Assim,	   o	   presente	   trabalho	   tem	   como	  objetivo	   investigar	   a	   influência	   do	   tipo	  de	  nanoargila	   (Cloisite	   30B,	   Cloisite	   15A	   e	   Dellite	   43B)	   e	   quantidade	   (3	   e	   5	   %)	   na	  estabilidade	  térmica	  e	  UV	  do	  PLA.	  Os	  nanocompósitos	  de	  PLA	  foram	  submetidos	  a	  120	  horas	  de	  degradação	   termo-­‐oxidativa	  e	  a	  600	  horas	  de	  exposição	  à	   radiação	  UV	  numa	  câmara	  de	  degradação	  acelerada.	  Os	  materiais	  iniciais	  e	  amostras	  retiradas	  ao	  longo	  do	  tempo	   foram	   caracterizados	   através	   de	   viscosidade	   de	   soluções,	   espetroscopia	   de	  dispersão	   de	   energia	   de	   raios-­‐X	   (EDS),	   microscopia	   eletrónica	   de	   varrimento	   (SEM),	  difração	   de	   raios-­‐X	   (XRD),	   espetroscopia	   de	   infravermelho	   com	   transformadas	   de	  Fourier	  (FTIR),	  termogravimetria	  (TGA)	  e	  calorimetria	  diferencial	  de	  varrimento	  (DSC).	  A	  caracterização	  das	  amostras	  iniciais	  mostrou	  que	  se	  obtiveram	  nanocompósitos	  com	   estrutura	   intercalada,	   mas	   com	   a	   nanoargila	   C15A	   verificou-­‐se	   a	   presença	   de	  agregados.	  Após	  degradação	  termo-­‐oxidativa,	  todas	  as	  amostras	  exibiram	  uma	  diminuição	  da	  viscosidade	   intrínseca,	   que	   foi	   menos	   acentuada	   no	   caso	   dos	   nanocompósitos	   com	  adição	   de	   3%	   de	   nanoargila.	   Verificou-­‐se	   ainda	   um	   aumento	   da	   cristalinidade	   nas	  amostras	  degradadas.	  	  Nas	  amostras	  expostas	  à	  radiação	  UV	  constatou-­‐se	  que	  a	  presença	  de	  nanoargilas	  induziu	   a	   foto-­‐degradação	   do	   PLA,	   uma	   vez	   que	   ocorreu	   maior	   diminuição	   de	  viscosidade	  intrínseca	  e	  maiores	  alterações	  na	  estrutura	  química.	  Os	  espectros	  de	  FTIR	  dos	  nanocompósitos	  com	  C30B	  evidenciaram	  a	  formação	  de	  grupos	  anidrido	  durante	  a	  degradação.	  Os	   nanocompósitos	   de	   PLA	   preparados	   neste	   trabalho	   apresentam	   maior	  estabilidade	  térmica	  e	  menor	  estabilidade	  à	  radiação	  UV	  que	  o	  PLA.	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Chapter 1   
	   Context,	  aim	  and	  thesis	  outline	  	   	  	  	  
“The	  scientist	  is	  not	  a	  person	  who	  gives	  the	  right	  answers;	  he's	  one	  who	  asks	  the	  
right	  questions.”	  —	  Claude	  Lévi-­‐Strauss	  
	  	  
Chapter	  1	  –	  Context,	  aim	  and	  thesis	  outline	  
	   3	  
This	  thesis	  begins	  with	  a	  brief	  introduction	  to	  polymers	  and	  nanocomposites.	  The	  purpose	  of	  this	  chapter	  is	  to	  describe	  the	  context	  of	  the	  work,	  the	  overall	  objectives	  of	  the	  study	  and	  the	  structure	  of	  the	  thesis.	  	  
	  1.1.	  Context	  A	   polymer	   is	   a	   substance	   whose	   molecules	   form	   long	   chains,	   usually	   several	  thousands	  atoms	  long.	  The	  name	  polymer	  is	  derived	  from	  the	  Greek	  poly	  for	  many	  and	  
meros	  for	  parts	  [1],	  meaning	  “many	  parts”.	  Polymers	  are	  characterized,	  and	  differ	  from	  one	   another,	   through	   the	   chemical	   and	   physical	   nature	   of	   the	   repeating	   units,	   the	  monomers,	  in	  the	  chain	  [2-­‐4].	  In	  order	  to	  form	  polymers,	  monomers	  either	  have	  reactive	  functional	   groups	   or	   double	   (or	   triple)	   bonds	  whose	   reaction	   provides	   the	   necessary	  linkages	  between	  the	  repeating	  units	  [5].	  	  Polymeric	  materials	  usually	  have	  high	  strength,	  exhibit	  rubber	  elasticity,	  and	  have	  high	   viscosity	   as	   melts	   and	   solutions.	   In	   fact,	   exploitation	   of	   many	   of	   these	   unique	  properties	   has	   made	   polymers	   extremely	   useful	   to	   mankind	   [5-­‐7].	   From	   the	   earliest	  times,	   man	   has	   exploited	   naturally	   occurring	   polymers	   [4].	   Although	   many	   people	  probably	  do	  not	   realise	   it,	   everyone	   is	   familiar	  with	  polymers	   [8,	   9].	   In	   fact	   it	   is	   quite	  inconceivable	   to	  most	  people	   that	  we	   could	  ever	  have	  existed	  without	   them.	  Consider	  transport,	   energy	   production	   and	   transmission,	   agriculture,	   the	   building	   industry,	  clothing,	   consumer	   goods,	   packaging,	   food	   and	   the	   health	   and	   pharmaceutical	  industries;	   all	   these	   activities	   rely	   heavily	   on	   polymeric	   materials	   [10,	   11].	   The	  polymeric	   products	   can	   take	   on	   many	   forms	   such	   as	   viscous	   liquids,	   fibers,	   films,	  mouldings,	   composites	   powders	   and	   granules.	   The	   characterization	   of	   these	  materials	  has	  been	  pursued	  with	  great	  vigour	  in	  recent	  years	  [12].	  From	  the	  beginning,	  polymer	  science	  has	  involved	  physicists,	  chemists,	  engineers,	  materials	   scientists	   and	   design	   engineers.	   The	   multidisciplinary	   nature	   of	   polymer	  science	   from	   its	   earliest	  days	   is	   a	   feature	   that	   is	  not	  often	  exhibited	  by	  other	   fields	  of	  natural	  science	  until	  certain	  “maturity”	  has	  been	  reached	  [13].	  	  In	   recent	   years	   the	  nanoscale,	   and	   the	   associated	  excitement	   surrounding	  nano-­‐science	   and	   technology,	   has	   afforded	   unique	   opportunities	   to	   create	   revolutionary	  material	   combinations	   [14].	   The	   field	   of	   nanotechnology	   is	   one	   of	   the	   most	   popular	  areas	   for	   current	   research	   and	   development	   in	   basically	   all	   technical	   disciplines	   [15].	  Nanotechnology,	   by	  definition,	   is	   the	   creation	  and	   subsequent	  utilization	  of	   structures	  with	  at	   least	  one	  dimension	   in	   the	  nanometer	   length	  scale	   (i.e.	   less	   than	  100	  nm)	   that	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creates	  novel	  properties	  and	  phenomena	  not	  displayed	  by	  either	  isolated	  molecules	  or	  bulk	  materials	  [16,	  17].	  Nanocomposite	   technology	   is	   a	   newly	   developed	   field,	   in	   which	   nanofillers	   are	  added	   to	   a	   polymer	   to	   reinforce	   and	   provide	   different	   characteristics	   [17].	  Nanocomposites	  are	  multiphase	  solid	  materials	  in	  which	  one	  of	  the	  phases	  has	  one,	  two	  or	  three	  dimension	  smaller	  than	  100	  nm	  [18,	  19].	  	  Today,	   industrial	  applications	  of	  nanomaterials	  can	  be	  found	  in	  a	  wide	  variety	  of	  fields:	   applications	   in	   electronics	   and	   in	   health	   care;	   synthetic	   textiles	   incorporating	  nanopowders	  that	  endow	  the	  fabrics	  with	  antibacterial	  properties,	  flame	  retardant,	  non-­‐wetting,	  or	  self-­‐cleaning	  properties;	  thick	  and	  thin	  coatings;	  buildings	  and	  construction;	  automotive	   and	   aerospace	   components,	   in	   environmental	   remediation	   and	   energy	  storage	  technologies	  [11,	  14,	  15].	  	  The	  interest	  in	  nanotechnology	  has	  continuously	  increased	  in	  recent	  years	  and	  it	  includes	   all	   kinds	   of	   polymers	   [20]	   but	   specially	   biodegradable	   polymers	   because	   of	  increasing	   environmental	   concerns	   about	   petrochemical	   based	   polymers	   and	   waste	  pollution	  [21-­‐23].	  	  
	  1.2.	  Aim	  of	  the	  thesis	  Researchers	   work	   everyday	   to	   find	   out	   new	   nanocomposites	   with	   improved	  properties.	   Degradation	   is	   an	   important	   process	   with	   great	   influence	   on	   polymers	  behaviour	  and	  hinders	  specific	  applications.	  However,	  degradation	  may	  be	  desirable	   if	  post	  life	  biodegradation	  is	  looked	  for.	  The	   objective	   of	   this	   thesis	   is	   to	   evaluate	   the	   influence	   of	   different	   nanoclays	  addition	  (Cloisite	  30B,	  Cloisite	  15A	  and	  Dellite	  43B)	  on	  the	  thermal	  and	  UV	  stability	  of	  poly(lactic	   acid)	   (PLA).	   To	   achieve	   this	   aim,	   PLA	   nanocomposites	   with	   different	  nanoclays	   amounts	  were	   prepared	   and	   then	   subjected	   to	   thermo	   and	   photo-­‐oxidative	  degradation.	  Samples	  were	  characterized	  before	  and	  along	  degradation	  time	  by	  several	  techniques.	  	  
1.3.	  Thesis	  outline	  This	   thesis	   is	   divided	   in	   six	   main	   chapters	   and	   each	   one	   contains	   section	   and	  subsections.	  This	   chapter	   (Chapter	   1)	   presents	   a	   brief	   context	   of	   the	   research	   work	   about	  polymers	  and	  nanocomposites,	  the	  aim	  of	  the	  work	  and	  the	  thesis	  outline.	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The	  state	  of	  the	  art	   is	  described	  in	  Chapter	  2,	  providing	  information	  on	  the	  PLA	  and	  PLA	  nanocomposites	  with	  nanoclays.	  
Chapter	   3	   is	   dedicated	   to	   the	   description	   of	   the	   experimental	   work,	   including	  materials,	  equipment	  and	  methodologies	  used	   in	  the	  preparation,	  characterization	  and	  degradation	  of	  the	  nanocomposites.	  The	  obtained	  experimental	  results	  and	  discussion	  are	  presented	  in	  Chapter	  4.	  
Chapter	  5	  summarizes	  the	  most	  important	  conclusions	  of	  this	  thesis.	  Finally,	   future	   perspectives	   are	   presented	   in	   Chapter	   6	   as	   well	   as	   some	  suggestions	  for	  further	  research.	  	  
	  	  
	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  
Chapter 2   
	   Stat	  of	  art	  	  	  	  	  
“What	  we	  know	  is	  a	  drop,	  what	  we	  don't	  know	  is	  an	  ocean.”	  ―	  Isaac	  Newton	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This	  chapter	  provides	  a	  general	  overview	  of	   the	  relevant	  state	  of	   the	  art	   for	   this	  thesis.	   First	   in	   this	   chapter	   is	   defined	   the	   importance	   of	   the	   use	   of	   biodegradable	  polymers	  and	  their	  classification	  according	  to	  their	  origin.	  Furthermore,	  the	  properties	  and	   characteristics	   of	   PLA	   are	   described,	   as	   well	   as	   its	   degradation	   types	   and	  applications.	  In	  the	  latter	  part	  of	  the	  chapter	  the	  characteristics	  of	  the	  clays	  used	  in	  this	  work	   and	   the	   importance	  of	   their	   addiction	   into	  polymer	  matrix	  will	   be	  presented,	   as	  well	  as	  the	  preparation	  and	  characterization	  of	  nanocomposites.	  	  
2.1	  Environmental	  concern	  The	  industrial	  revolution	  brought	  unimaginable	  benefits	  to	  humanity	   in	  terms	  of	  optimised	  material	  and	  energetic	  products	  and	  processes,	  together	  with	  increased	  living	  standards	   for	   most	   societies,	   but	   has	   also	   compromised	   the	   fragile	   environmental	  equilibrium	  of	  the	  Earth	  [24].	  	  Nowadays,	  the	  plastic	  industry	  occupies	  a	  predominant	  and	  growing	  place	  in	  our	  everyday	  life	  [25]	  and	  an	  extensive	  variety	  of	  petroleum-­‐based	  synthetic	  polymers,	  like	  polyethylene	   (PE),	   polypropylene	   (PP),	   polystyrene	   (PS),	   poly(ethylene	   terephthalate)	  (PET)	   and	   poly(vinyl	   chloride)	   (PVC),	   are	   produced	   worldwide	   to	   an	   extent	   of	  approximately	  140	  million	  tons	  per	  year	  [26,	  27].	  Most	  of	  these	  materials	  are	  made	  for	  one-­‐use	  applications	  or	  have	  a	  relatively	  short	  lifetime,	  being	  rapidly	  discarded	  into	  the	  environment	  once	   they	  are	  consumed	  and	   their	  elimination	  and	  reintegration	   into	   the	  carbon	  cycle	  can	  require	  hundreds	  or	  even	  thousands	  of	  years	  [28,	  29].	  The	   three	   main	   strategies	   available	   for	   the	   management	   of	   plastic	   waste	   are	  incineration,	  landfill	  and	  recycling	  [27].	  	  Incineration	   has	   the	   advantage	   that	   the	   plastics	   have	   high	   calorific	   value	   and	  incineration	   plants	   can	   be	   modified	   to	   recover	   energy	   from	   polymers	   combustion.	  However,	   this	  method	   produces	   large	   amounts	   of	   carbon	   dioxide	   and	   often	   produces	  toxic	  gases,	  which	  contribute	  to	  global	  warming	  and	  global	  pollution	  [27,	  30].	  The	   storage	   of	  wastes	   at	   landfill	   sites	   is	   another	   possibility,	   but	   due	   to	   the	   fast	  development	  of	  society	  these	  kinds	  of	  places	  are	  quite	  limited.	  On	  the	  other	  hand,	  burial	  of	  plastic	  wastes	  in	  landfill	  is	  a	  time	  bomb,	  with	  today’s	  problems	  being	  shifted	  into	  the	  shoulders	  of	  future	  generations	  [30].	  Recycling	   somehow	   solves	   the	   problem	   turning	   wastes	   back	   into	   naphtha,	  monomers	  or	  other	  oil	  derivatives	   [27,	  31].	  However	   it	   requires	  a	  considerable	  higher	  amount	   of	   labour	   and	   energy:	   removal	   of	   plastics	  wastes,	   separation	   according	   to	   the	  plastics	   type,	   washing,	   drying,	   grinding	   and,	   only	   then,	   reprocessing	   to	   final	   product,	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making	  the	  produced	  material	  more	  expensive	  and	  less	  lacking	  quality,	  when	  compared	  to	  the	  primary	  manufactured	  ones.	  Plastic	  identification	  codes	  are	  one	  aid	  to	  separation	  that	   has	   been	   introduced,	   and	  mechanical	   sorting	   based	   on	   the	   specific	   gravity	   of	   the	  different	  polymers	  is	  well	  developed	  [27].	  Legislation	  also	  prevents	  the	  use	  of	  recycled	  polymers	  in	  direct	  food	  contact	  packaging	  and	  plastics	  with	  high	  technical	  specification	  [27].	   With	   this	   background,	   academic	   and	   industrial	   researchers	   look	   for	   the	  development	   of	   novel	   materials	   labelled	   as	   “environmentally-­‐friendly”:	   materials	  produced	   from	   alternative	   resources,	   with	   lower	   energy	   consumption,	   biodegradable	  and	  non-­‐toxic	  to	  the	  environment	  [25,	  32,	  33].	  Biodegradable	  polymers	  play	  a	  key-­‐role	  in	  solving	   this	  problem	  and	  during	   the	   last	  2	  decades	  an	  exponential	   rising	  number	  of	  patents	  and	  articles	  about	  these	  materials	  have	  been	  published	  [24].	  Some	   initiatives	   have	   been	   undertaken	   to	   facilitate	   the	   introduction	   of	  biodegradable	   polymers	   into	   society	   like	   the	   banishment	   of	   grocery	   plastic	   bags	  responsible	  for	  so-­‐called	  “white-­‐pollution”	  around	  the	  world.	  Globally,	  bioplastics	  make	  up	  nearly	  300,000	  metric	  tons	  of	  the	  plastic	  market	  but	  this	  represents	  less	  than	  1%	  of	  synthetic	  plastics	  produced	  each	  year.	  Nevertheless,	  the	  bioplastic	  market	  is	  growing	  by	  20-­‐30%	  each	  year	  [26].	  	  
2.2	  Biodegradable	  polymers	  Several	   definitions	   of	   biopolymers,	   biodegradable	   polymers,	   biocomposites	   and	  other	  bio-­‐words	  have	  been	  suggested	  during	  de	  last	  years	  [24].	  The	   proposed	   definition	   for	   biopolymers	   involves	   materials	   consisting	   of	   units	  that	  are	  entirely	  or	  in	  part	  derived	  from	  biomass	  (e.g.	  materials	  with	  biological	  origin).	  It	  is	   necessary	   to	   distinguish	   natural	   polymers	   amongst	   biopolymers;	   natural	   polymers	  are	  defined	  as	  polymeric	  materials	  obtained	  from	  nature,	  e.g.	  cellulose,	  starch,	  proteins.	  In	   this	   case,	   all	   natural	   polymers	   can	   be	   considered	   as	   biopolymers,	   but	   not	   all	  biopolymers	  are	  natural	  polymers	  [24].	  The	   American	   Society	   for	   Testing	   of	   Materials	   (ASTM)	   and	   the	   International	  Standards	   Organization	   (ISO)	   define	   degradable	   plastics	   as	   those	   that	   undergo	   a	  significant	  change	  in	  chemical	  structure	  under	  specific	  environmental	  conditions.	  These	  changes	   result	   in	   a	   loss	   of	   physical	   and	  mechanical	   properties,	  measured	  by	   standard	  methods	  [34].	  	  According	  to	  ASTM	  standard	  D-­‐5488-­‐94d,	  biodegradable	  means	  that	  the	  material	  can	  undergo	  decomposition	  into	  carbon	  dioxide,	  methane,	  water,	  inorganic	  compounds	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or	   biomass,	   in	   which	   the	   predominant	   mechanism	   is	   the	   enzymatic	   action	   of	   micro-­‐organisms	   that	   can	   be	   measured	   by	   standard	   tests,	   over	   a	   specific	   period	   of	   time,	  reflecting	  available	  disposal	  conditions	  [35].	  	  Biodegradable	   polymers	   are	   then	   defined	   as	   those	   that	   undergo	   microbially	  induced	  chain	  scission	   leading	  to	   the	  mineralization.	  Specific	  conditions	   in	   term	  of	  pH,	  humidity,	   oxygenation	   and	   the	   presence	   of	   some	   metals	   are	   required	   to	   ensure	   the	  biodegradation	  of	  some	  polymers	  [30].	  	  A	   vast	   number	   of	   biodegradable	   polymers	   or	   their	   monomers	   are	   chemically	  synthesized	   or	   biosynthesized	   during	   the	   growth	   cycles	   of	   all	   organisms.	   Figure	   2.1	  proposes	   a	   classification	   with	   four	   different	   categories,	   depending	   on	   the	   polymers	  origin	  [32]:	  (i)	  polymers	  from	  biomass	  such	  as	  the	  agro-­‐polymers	  from	  agro-­‐resources;	  (ii)	  polymers	  obtained	  by	  microbial	  production;	  (iii)	   polymers	   chemically	   synthesized	   using	   monomers	   obtained	   from	   agro-­‐resources;	  (iv)	   polymers	   whose	   monomers	   and	   polymers	   are	   both	   obtained	   by	   chemical	  synthesis	  from	  fossil	  resources.	  	  
	  
Figure	  2.1	  -­‐	  Classification	  of	  biodegradable	  polymers	  [32].	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These	  different	  biodegradable	  polymers	  can	  also	  be	  sorted	  into	  two	  main	  families,	  the	  agro-­‐polymers	  (category	  i)	  and	  the	  biodegradable	  polyesters	  (categories	  ii	  -­‐	  iv),	  also	  called	  biopolyesters	  [32].	  	  
2.3	  Poly(lactic	  acid)	  (PLA)	  Among	   biodegradable	   polyesters,	   the	   family	   of	   polylactides	   (PLA)	   has	   recently	  received	   a	   great	   deal	   of	   investigations	   [36].	   PLA	   is	   a	   linear	   aliphatic	   thermoplastic	  polyester,	  consisting	  of	  repeating	  unities	  of	   lactic	  acid.	  Lactic	  acid	  (2-­‐hydroxypropionic	  acid),	   a	   naturally	   occurring	   organic	   acid,	   is	   an	   optically	   active	  molecule	   that	   exists	   in	  both	  L	  and	  D	  stereoforms	  [26,	  37].	  	  Renewable	   resources,	   such	   as	   sugar	   and	   corn,	   can	   be	   processed	   to	   produce	   D-­‐glucose,	  which	   is	   then	   fermented	   to	  produce	   lactic	  acid	  (Figure	  2.2)	   [36]	  by	  optimized	  strains	  of	  Lactobacillus	  [38].	  The	  biotechnological	  production	  of	  lactic	  acid	  offers	  several	  advantages	  compared	  to	  chemical	  synthesis	  like	  low	  cost	  of	  substrates,	  low	  production	  temperature,	   low	   energy	   consumption	   and	   high	   product	   specificity,	   as	   it	   produces	  desired	  optically	  pure	  L	  or	  D	  lactic	  acid.	  Using	  an	  appropriated	  catalyst	  and	  heat,	  there	  are	  two	  major	  routes	  to	  produce	  PLA:	  direct	  condensation	  polymerization	  of	  lactic	  acid	  or	   conversion	   of	   lactic	   acid	   to	   the	   cyclic	   lactic	   dimmer	   and	   induction	   by	   ring	   opening	  polymerization	  through	  the	  lactide	  intermediate,	  as	  it	  can	  be	  seen	  in	  Figure	  2.3	  [26,	  36,	  39,	  40].	  	  
	  
Figure	  2.2	  –	  Production	  of	  lactic	  acid	  by	  fermentation	  [39].	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Figure	  2.3	  -­‐	  Production	  of	  PLA	  by	  ring	  opening	  polymerization	  of	  lactide	  [39].	  	  Poly(L-­‐lactide)	  (PLLA)	  and	  poly(D-­‐lactide)	  (PDLA)	  are	  prepared	  by	  incorporating	  100%	   L	   or	   D	   unities,	   respectively,	   and	   poly(D-­‐L-­‐lactic	   acid)	   (PDLLA)	   by	   a	   racemic	  mixture	   of	   L	   and	   D	   isomers	   (Figure	   2.4)	   [37].	   Properties	   of	   PLA	   depend	   on	   the	  processing	  temperature,	  annealing	  time	  and	  molecular	  weight,	  as	  well	  as	  the	  amount	  of	  D	  enantiomers	  that	  is	  known	  to	  affect	  particularly	  de	  degree	  of	  crystallinity	  [26,	  30,	  36].	  	  	  
	  
Figure	  2.4	  -­‐	  Structure	  of	  the	  different	  polylactides	  [41].	  	  PLLA	  has	   a	   crystallinity	   of	   around	  37%,	   a	   glass	   transition	   temperature	  between	  50–80	  °C	  and	  a	  melting	  temperature	  between	  173–178	  °C.	  Because	  of	  the	  stereo	  regular	  chain	  microstructure,	   optically	   pure	  polylactides,	   poly	   (L-­‐lactide)	   (PLLA)	   and	  poly	   (D-­‐lactide)	   (PDLA),	   are	   semi	   crystalline.	   In	   general,	   polylactides	   are	   soluble	   in	   dioxane,	  acetonitrile,	   chloroform,	   methylene	   chloride,	   1,1,2-­‐trichloroethane	   and	   dichloroacetic	  acid.	   Ethyl	   benzene,	   toluene,	   acetone	   and	   tetrahydrofuran	   only	   partly	   dissolve	  polylactides	  when	  cold,	  though	  they	  are	  readily	  soluble	  in	  these	  solvents	  when	  heated	  to	  boiling	  temperatures.	  PLA	  is	  a	  clear,	  colourless	  thermoplastic	  when	  quenched	  from	  the	  melt	  and	  is	  similar	  in	  many	  aspects	  to	  polystyrene	  [26,	  42,	  43].	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2.4	  Degradation	  The	  polymer	  selected	  for	  a	  certain	  application	  depends	  on	  its	  chemical	  structure	  and	   degradation	   suitable	   to	   occur.	   Two	   kings	   of	   processes	   may	   be	   distinguished,	  physical	  and	  chemical,	  and	  both	  are	  strongly	  linked	  [44].	  In	  nature,	  polymer	  degradation	  is	  induced	  by	  thermal	  activation,	  hydrolysis,	  biological	  activity	  (i.e.,	  enzymes),	  oxidation,	  photolysis,	  or	  radiolysis.	  Because	  of	  the	  coexistence	  of	  biotic	  and	  abiotic	  processes,	  the	  entire	   mechanism	   of	   polymer	   degradation	   could	   be,	   in	   many	   cases,	   referred	   as	  environmental	  degradation.	  A	  variety	  of	  chemical,	  physical	  and	  biological	  processes	  and	  thus	   different	   degradation	   mechanisms	   can	   be	   involved	   with	   the	   degradation	   of	   a	  polymer	  [26].	  In	  practice,	  any	  change	  of	  the	  polymer	  properties	  relative	  to	  the	  initial	  or	  desirable	  properties	  is	  called	  “degradation”.	  In	  this	  sense,	  degradation	  is	  a	  generic	  term	  for	   several	   reactions	   that	   can	   occur	   in	   a	   polymer	   and	   ultimately	   lead	   to	   structural	  changes,	   deterioration	   of	   the	   quality	   of	   the	   polymeric	   materials	   (i.e.	   worsening	   of	   its	  mechanical,	   electrical	   or	   esthetic	   properties)	   and	   finally	   to	   the	   loosening	   of	   its	  functionality.	  This	  degradation	  maybe	  either	  undesirable	  when	   it	   affects	   the	  period	  of	  use,	   or	  desirable	   if	   post	   life	  biodegradation	   is	   looked	   for	   [44].	   From	  an	  ecological	   and	  environmental	   point	   of	   view,	   development	   of	   photodegradable	   and	   biodegradable	  polymers	  is	  fundamental	  [44].	  
2.4.1.	  Thermal	  Degradation	  Thermal	  degradation	  of	  polymers	  can	  be	  defined	  as	  “molecular	  deterioration	  as	  a	  result	  of	  overheating”.	  At	  high	  temperatures	  the	  components	  of	  the	  long	  chain	  backbone	  of	   the	   polymer	   can	   start	   to	   separate	   (molecular	   scission)	   and	   react	   with	   another	  molecules	   to	   change	   the	   polymer	   properties	   [45].	   The	   thermal	   degradation	   can	   be	  classified	   into	   two	   categories:	   the	   thermal	   degradation	   in	   the	   absence	   of	   oxygen	  (thermal	   decomposition)	   and	   the	   thermal	   degradation	   in	   the	   presence	   of	   oxygen	  (thermal	  oxidation)	  [46].	  Several	   factors	   can	   affect	   the	   thermal	   stability	   of	   polymers,	   like	   the	   presence	   of	  additives,	  molecular	  weight	  of	  sample,	  moisture,	  hydrolyzed	  monomers	  and	  oligomers,	  chain	  end	  structure,	  and	  residual	  metals.	  Compounds	  of	  metals,	  such	  as	  Sn,	  Zn,	  Al,	  Fe,	  Zr,	  Ti,	   Ca	   and	   Mg	   affect	   the	   degradation	   behavior	   of	   PLA	   to	   bring	   down	   the	   thermal	  degradation	  temperature	  [47-­‐51].	  Research	   work	   on	   the	   mechanism	   of	   thermal	   degradation	   of	   PLA	   can	   be	  summarized	  as	  follows:	  (I)	  Intra-­‐	  and	  intermolecular	  ester	  exchange,	  which	  leads	  to	  the	  appearance	  of	   lactide	  and	  cyclic	  oligomers,	   is	   the	  dominant	   reaction	  pathway.	   (2)	  The	  cis-­‐elimination	  for	  polyesters,	  which	  results	   in	  small	  amount	  (<5%)	  of	  acrylic	  acid	  and	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acrylic	   oligomers,	   is	   occurring,	   but	   is	   not	   at	   all	   a	   dominant	   reaction	   even	   at	   high	  pyrolysis	   temperatures.	   (3)	   Unzipping	   depolymerization	   (backbiting	   degradation)	   is	  also	  observed.	  The	  lower	  the	  molecular	  weight,	  the	  more	  concentrated	  are	  the	  terminal	  hydroxyl	   groups,	   which	   accelerate	   the	   unzipping	   depolymerization	   and	   the	  intermolecular	   ester	   exchange.	   (4)	   Pyrolytic	   elimination	   of	   poly(lactic	   acid)	   results	   in	  species	  containing	  conjugated	  double	  bonds	  due	  to	  the	  carbonyl	  group	  [42].	  McNeill	   and	   Leiper	   [52]	   proposed	   that	   thermal	   degradation	   of	   PLA	   is	   a	   non-­‐radical,	  “backbiting”	  ester	  interchange	  reaction	  involving	  the	  -­‐OH	  chain	  ends.	  Depending	  on	  the	  point	  in	  the	  backbone	  at	  which	  the	  reaction	  occurs,	  the	  product	  can	  be	  a	  lactide	  molecule,	  an	  oligomeric	  ring,	  or	  acetaldehyde	  plus	  carbon	  monoxide	  (Figure	  2.5).	  	  	  
	  
Figure	  2.5	  –	  Thermal	  degradation	  mechanism	  of	  PLA	  [42].	  	  
2.4.2.	  Photo-­‐degradation	  Photo-­‐degradation	  is	  the	  process	  of	  decomposition	  of	  the	  materials	  by	  the	  action	  of	   light,	   which	   is	   considered	   as	   one	   of	   the	   primary	   sources	   of	   damage	   exerted	   upon	  polymeric	  substrates	  at	  ambient	  conditions.	  Normally	  the	  near-­‐UV	  radiations	  (290-­‐400	  nm)	   in	   the	   sunlight	   determine	   the	   lifetime	   of	   polymeric	   materials	   in	   outdoor	  applications	   [53].	   However,	   the	   polymer	   materials	   are	   irradiated	   by	   UV	   not	   only	   at	  outdoor	  by	  exposure	  to	  sun	   light,	  but	  also	   indoor	  by	  exposure	  to	   fluorescent	   light	   [46,	  54].	   Photo-­‐degradation	   changes	   the	   physical	   and	   optical	   properties	   of	   polymers.	   The	  most	   damaging	   effects	   are	   the	   visual	   effect	   (yellowing),	   the	   loss	   of	   mechanical	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properties	  of	   the	  polymers,	   the	  changes	   in	  molecular	  weight	  and	  the	  molecular	  weight	  distribution	  [53].	  Norrish	   type	   I	   and	   type	   II	   are	   typical	   photo-­‐degradation	   processes.	   PLA	   photo-­‐degradation	   through	  a	  Norrish	   II	  mechanism	   is	  schematically	  shown	   in	  Figure	  2.6	  and	  occur	   structural	   changes	   occur	   as	   chain	   cleavage	   formation	   of	   C=O	   double	   bonds	   and	  hydroperoxyde	  O-­‐H	  at	  newly	  formed	  chain	  terminals	  [44,	  55-­‐58].	  	  
	  
Figure	  2.6	  -­‐	  Norrish	  II	  mechanism	  for	  PLA	  photo-­‐degradation:	  (a)	  PLA	  chain	  under	  UV	  irradiation,	  (b)	  photophysical	  excitation,	  and	  (c)	  oxidation	  and	  scission	  reactions	  in	  PLA	  chains	  [44].	  	  As	   in	   thermal	   degradation,	   photo-­‐degradation	   can	   be	   classified	   into	   two	  categories:	  the	  photo-­‐degradation	  in	  the	  absence	  of	  oxygen	  (photo-­‐decomposition)	  and	  the	  photo-­‐degradation	  in	  the	  presence	  of	  oxygen	  (photo-­‐oxidation).	  Comparison	  studies	  show	   that	   degradation	   products	   from	   both	   mechanisms	   were	   similar;	   however,	   the	  amounts	   of	   the	   products	   generated	   under	   air	   condition	   were	   higher	   because	   of	   the	  influence	  of	  oxidation	  [46].	  	  There	  are	  two	  methods	  to	  evaluate	  the	  photo-­‐degradation	  of	  polymers:	  
Natural	  weathering	  method	   -­‐	  Outdoor	  exposure	  can	  be	  performed	  according	  to	  ASTM	   D-­‐1435-­‐05	   on	   samples	   mounted	   on	   testing	   racks,	   oriented	   under	   standard	  conditions	  to	  expose	  the	  material	  to	  the	  full	  radiation	  spectrum	  besides	  the	  temperature	  and	   humidity	   of	   the	   location.	   In	   order	   to	   observe	   the	   aging	   of	   the	   material,	   it	   is	  characterized	   with	   respect	   to	   mechanical	   properties	   (elongation	   at	   break,	   tensile	  properties	   or	   impact	   strength)	   and	   visible	   characteristics,	   such	   as	   crack	   formation,	  
Chapter	  2	  –	  Stat	  of	  art	  
	   17	  
chalking,	  and	  changes	   in	  color.	  The	  alterations	   in	   the	  polymeric	  materials	  on	  exposure	  can	   be	   characterized	   with	   FTIR	   spectroscopy	   and	   ultra	   violet/visible	   (UV/vis)	  spectroscopy.	  The	  disadvantage	  of	  this	  method	  is	  that	  most	  experiments	  tale	  long	  time	  periods	  [53].	  
Artificial	  weathering	  method/laboratory	  test	   -­‐	  Laboratory	   testing	   involves	   the	  use	   of	   environmental	   chambers	   and	   artificial	   light	   sources	   to	   approximately	   replicate	  outdoor	  conditions,	  with	  a	  great	  reduced	  on	  the	  testing	  time	  and	  under	  highly	  controlled	  conditions.	   Several	   equipments	   have	   been	   used	   in	   accelerated	   aging	   tests	   (Atlas	  Weatherometer	  Ci	  3000,	  Atlas	  Uvcon,	  Atlas	  XR	  260	  weatherometer,	  Xenotest	  Type	  450,	  Suntester,	  QUV	  and	  Sepap)	  to	  predict	  the	  polymer	  lifetime	  under	  service	  conditions	  [59,	  60].	  Laboratory	  testing	  can	  quickly	  assess	  the	  relative	  stability	  of	  plastics	  [53].	  However,	  the	  correlation	  between	  accelerated	  and	  natural	  weathering	  is	  not	  trivial	  and	  depends	  of	  many	   agents:	   accelerated	   weathering	   devices,	   geographical	   localization	   in	   natural	  experiments,	   temperature,	   amount	   of	   sunshine	   hours,	   mechanical	   stresses,	   biological	  attack,	   and	   environmental	   contaminants	   [59,	   61].	   In	   this	  work	   it	  was	   used	   a	   Xenotest	  chamber	  as	  filtered	  Xenon	  lamp	  present	  an	  UV	  spectrum	  comparable	  to	  UV	  spectrum	  of	  the	   sun	   and	   this	   pattern	   of	   light	   sources,	   at	   low	   temperature,	   is	   expected	   to	   be	  representative	  of	  outdoor	  aging	  [59].	  
2.4.3.	  Chemical	  degradation	  The	   polymeric	   materials	   used	   in	   outdoor	   applications	   face	   some	   hurdles	  concerning	   the	   chemical	   degradation,	   as	   the	   products	   for	   outdoor	   use	   are	   exposed	   to	  rain,	  sunlight,	  temperature,	  and	  environmental	  bacteria.	  Hydrolytic	  degradation	  occurs	  not	  only	  under	  water	  but	  also	  under	  atmospheric	  condition.	  The	  moisture	  of	  the	  air	  has	  also	  a	  great	  influence	  on	  the	  polymers	  hydrolysis	  [46].	  	  The	  hydrolytic	  degradation	  of	  PLA	  has	  been	  reported	  to	  take	  place	  mainly	  in	  the	  bulk	  of	  the	  material	  rather	  than	  on	  the	  surface	  and	  has	  been	  assumed	  as	  an	  autocatalytic	  hydrolysis,	  which	  occurs	  homogeneously	  along	  sample	  cross-­‐section.	  The	   formation	  of	  PLA	   oligomers,	   which	   follows	   the	   chain	   scission,	   increases	   the	   carboxylic	   acid	   end	  groups	  concentration	  in	  the	  degradation	  medium,	  making	  the	  hydrolytic	  degradation	  of	  PLA	  a	  self-­‐catalyzed	  and	  self-­‐maintaining	  process	  [62].	  In	  parallel,	  the	  physical	  structure	  of	  PLA	  has	  been	  found	  to	  affect	  the	  hydrolytic	  degradation	  mechanism,	  as	  the	  hydrolytic	  chain	  cleavage	  proceeds	  preferentially	  in	  the	  amorphous	  regions,	  leading	  therefore	  to	  an	  increase	   of	   the	   polymer	   crystallinity	   [63].	   The	   rate	   of	   degradation	   reaction	   is	   also	  affected	  by	  the	  shape	  of	  the	  samples	  and	  by	  the	  conditions	  under	  which	  the	  hydrolysis	  is	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performed,	  including	  pH	  and	  temperature.	  High	  temperatures	  accelerate	  the	  hydrolytic	  degradation	  process	  [64].	  
2.4.4.	  Biological	  degradation	  Biodegradation	   is	   a	   biochemical	   transformation	   of	   compounds	   in	  mineralization	  by	   microorganisms.	   Mineralization	   of	   organic	   compounds	   yields	   carbon	   dioxide	   and	  water	   under	   aerobic	   conditions,	   and	   methane	   and	   carbon	   dioxide	   under	   anaerobic	  conditions.	  Abiotic	  hydrolysis,	  photo-­‐oxidation	  and	  physical	  disintegration	  may	  enhance	  biodegradation	  of	  polymers	  by	   increasing	   their	  surface	  area	   for	  microbial	  colonization	  or	  by	  reducing	  molecular	  weight.	  Biodegradability	  is	  also	  defined	  as	  the	  propensity	  of	  a	  material	   to	   get	   breakdown	   into	   its	   constituent	  molecules	   by	   natural	   processes	   (often	  microbial	  digestion).	  The	  metabolites	   released	  by	  degradation	  are	   also	   expected	   to	  be	  non-­‐toxic	  to	  the	  environment	  and	  redistributed	  through	  the	  carbon,	  nitrogen	  and	  sulfur	  cycles.	   Biological	   degradation	   is	   chemical	   in	   nature	   but	   the	   source	   of	   the	   attacking	  chemicals	  is	  from	  microorganisms.	  These	  chemicals	  are	  of	  catalytic	  nature	  e.g.	  enzymes.	  Biodegradation	   of	   polymers	   occurs	   through	   four	   different	  mechanisms:	   solubilization,	  charge	  formation	  followed	  by	  dissolution,	  hydrolysis	  and	  enzyme-­‐catalyzed	  degradation	  [53,	  65].	  Petrochemical-­‐based	  plastic	  materials	  are	  not	  easily	  degraded	  in	  the	  environment	  because	   of	   their	   hydrophobic	   character,	   additionally	   the	   three-­‐dimensional	   structure	  interferes	   with	   the	   formation	   of	   a	   microbial	   bio-­‐film,	   leading	   to	   a	   reduced	  biodegradation	  extent	  [53].	  	  
2.5	  Applications	  PLA	   presents	   a	  wide	   range	   of	   applications	   and	   this	   could	   be	   divided	   into	   three	  main	  categories:	  biomedical,	  agricultural	  and	  industrial	  applications.	  Biomedical	   applications	   of	   biodegradable	   and	   biocompatible	   polymers	   generate	  an	  enormous	  amount	  of	   research	  and	   interest	   [27].	  PLA	   is	   one	  of	   the	  most	   frequently	  used	  polyester	  in	  biomedical	  applications	  due	  to	  it	  many	  favourable	  characteristics,	  such	  as	  high	  strength	  and	  biocompatibility	   [38,	  64].	  As	  PLA	   is	  derived	   from	  monomers	   that	  are	   natural	   metabolites	   of	   the	   body,	   the	   degradation	   of	   these	   materials	   yields	   the	  corresponding	  hydroxyl	  acid,	  making	  him	  safe	   for	   in	  vivo	  use	  [26].	  PLA	  can	  be	  used	   in	  repair	  and	  regeneration	  of	  healing	  tissues	  (suture,	  wound	  dressings,	  surgical	   implants,	  prosthetic	   devices)	   [26,	   27,	   37,	   64]	   and	   is	   one	   of	   the	   best	   defined	   biomaterials	   with	  regard	  to	  design	  and	  performance	  in	  drug	  release	  in	  a	  controlled	  manner	  [26].	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In	   agricultural	   applications	   PLA	   can	   be	   used	   for	   controlled	   release	   of	   fertilizers	  and	  pesticides	  [27].	  Greenhouse	  studies	  confirmed	  that	  PLA	  increased	  soybean	  leaf	  area,	  pod	  number,	  bean	  number	  and	  bean	  and	  plant	  dry	  weight,	  suggesting	  that	  use	  of	  PLA	  as	  an	   encapsulation	   matrix	   for	   herbicides	   could	   provide	   reduced	   environmental	   impact	  and	  improved	  weed	  control	  and	  at	  the	  same	  time	  increasing	  yield	  of	  soybeans	  through	  release	  of	   plant	   growth	   stimulants	   in	   the	   form	  of	   oligomeric	   or	  monomeric	   lactic	   acid	  [26].	   Polylactides	   fulfil	  many	  requirements	  of	  packaging	   thermoplastics	  and	  are	  being	  developed	   as	   commodity	   resins	   for	   general	   packaging	   applications	   like	   loose-­‐fill	  packaging,	   compost	   bags,	   food	   packaging	   and	   disposable	   tableware	   [26,	   37].	   Dannon	  and	  McDonald’s	  (Germany)	  pioneered	  the	  use	  of	  PLA	  as	  a	  packaging	  material	  in	  yogurt	  cups	  and	  cutlery.	  NatureWorks	  LLC	  polymers	  have	  been	  used	  for	  a	  range	  of	  packaging	  applications	   such	   as	   high-­‐value	   films,	   rigid	   thermoformed	   containers,	   and	   coated	  papers.	   BASF’s	   Ecovio®,	   which	   is	   a	   derivative	   of	   petrochemical-­‐based	   biodegradable	  Ecoflex®	  and	  contains	  45	  wt.%	  PLA,	  has	  been	  used	  to	  make	  carrier	  bags,	  compostable	  can	  liners,	  mulch	  film,	  and	  food	  wrapping	  [38,	  66].	  In	  the	  form	  of	  fibers	  and	  non-­‐woven	  textiles,	  PLA	  also	  has	  many	  potential	  uses	  as	  upholstery,	  disposable	  garments,	  awnings,	  feminine	  hygiene	  products	  and	  nappies	  [26].	  Whatever	  the	  application,	  there	  is	  often	  a	  natural	  concern	  regarding	  the	  durability	  of	   polymeric	   materials	   partly	   because	   of	   their	   useful	   lifetime,	   maintenance	   and	  replacement.	   The	   deterioration	   of	   these	   materials	   depends	   on	   the	   duration	   and	   the	  extent	  of	  interaction	  with	  the	  environment	  [67].	  
2.6.	  Nanocomposites	  
2.6.1.	  Importance	  of	  clays	  addition	  The	   main	   limitations	   of	   PLA	   towards	   wider	   industrial	   application	   are	   poor	  thermal	  resistance	  and	  limited	  gas	  barrier	  properties,	  which	  prevent	  its	  complete	  access	  to	  industrial	  sectors	  such	  as	  food	  packaging	  [21,	  26,	  68].	  Some	  of	  the	  other	  properties	  of	  PLA,	  such	  as	  melt	  viscosity,	  impact	  resistance,	  heat	  distortion	  temperature,	  are	  also	  not	  enough	  for	  various	  end-­‐use	  applications	  [29,	  69]	  and	  different	  nanomaterials	  have	  been	  incorporated	   into	   PLA	  matrix	   to	   overcome	   this	   problem	   [21].	   Nanoreinforcements	   of	  biodegradable	  polymers	  results	  in	  very	  promising	  materials	  since	  they	  show	  improved	  properties	  with	  preservation	  of	   the	  material	  biodegradability	  and	  without	  eco-­‐toxicity	  [32,	  70].	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Nanomaterials	   are	   classified	   into	   three	   categories:	   nanoparticles,	   nanotubes	   and	  nanolayers	   [70].	   The	   addiction	   of	   clays	   (nanolayers)	   is	   one	   of	   the	  most	   cost-­‐effective	  methods	  to	  improve	  the	  physical	  properties	  of	  PLA	  [71].	  
2.6.2.	  Clays	  Clays	   are	   ubiquitous	   minerals,	   which	   constitute	   a	   large	   part	   of	   the	   sediments,	  rocks	  and	  soils.	  Clay	  minerals	  belong	  to	  the	  family	  of	  phyllosilicates	  (or	  layered	  silicate).	  The	   fundamental	   building	   units	   of	   phyllosilicates	   (and	   then	   of	   clay	   minerals)	   are	  tetrahedral	  and	  octahedral	  sheets	  [72,	  73].	  	  	  
	  
Figure	  2.7	  -­‐	  Chemical	  and	  structural	  representation	  of	  montmorillonite	  [74].	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Montmorillonite	   (MMT)	   is	   the	   most	   widely	   used	   clay	   for	   making	   polymer	  nanocomposites.	   This	   dioctahedral	   2:1	   phyllosilicate	   has	   silica	   tetrahedrons	   having	  oxygen	   and	   hydroxyl	   ions	   tetrahedrally	   arranged	   around	   central	   Si	   atoms.	   The	  aluminum	   octahedral	   sheet	   has	   Al3+	   ion	   octahedrally	   coordinated	   to	   the	   hydroxyl	  groups.	  Two	  third	  of	  the	  Al3+	  ions	  are	  substituted	  by	  lower	  valency	  cations	  such	  as	  Mg	  2+	  and	  Fe2+	  in	  octahedral	  sites	  [75,	  76].	  The	  difference	  in	  valences	  of	  Al,	  Mg	  and	  Fe	  creates	  negative	   charges	   distributed	   within	   the	   plane	   of	   the	   platelets	   that	   are	   balanced	   by	  positive	   ions,	   typically	   sodium	   ions,	   located	   between	   the	   platelets	   [15].	   These	   clays	  present	  stacks	  of	  platelets,	  as	  showed	  in	  Figure	  2.7,	  and	  an	  interlamellar	  space	  or	  gallery	  if	  about	  ~1	  nm	  separates	  these	  platelets.	  MMT	  is	  white-­‐pale	  yellow	  in	  color	  [74,	  77].	  	  Common	   clay	  minerals	   are	   hydrophilic	   and	   therefore	   incompatible	   with	   a	   wide	  range	   of	   hydrophobic	   polymers	   [78].	   To	   overcome	   this	   restriction	   and	   to	   prevent	  aggregation,	   the	   clay	   surface	   is	  modified	  by	  exchanging	   the	   cations	   initially	  present	   in	  the	  interlayer	  with	  organic	  cationic	  surfactants,	  mainly	  primary,	  secondary,	  tertiary	  and	  quaternary	  alkylammonium	  or	  alkylphosphonium	  cations	  (Figure	  2.8)	  [75,	  79,	  80].	  	  
	  
Figure	  2.8	  –	  Schematic	  demonstration	  of	  clay	  organic	  modification	  [75].	  
2.6.3.	  Synthesis	  of	  polymer	  nanoclay	  composites	  	  At	   present	   there	   are	   three	   principal	   methods	   for	   producing	   polymer–layered	  silicate	   nanocomposites:	   in	   situ	   polymerization,	   solution	   processing	   and	   melt	  intercalation	  [81,	  82].	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In	   situ	   polymerization	   -­‐	   in	   this	   method	   the	   nanoclay	   is	   dispersed	   in	   the	  monomer,	  which	  is	  then	  polymerized.	  The	  monomer	  may	  be	  intercalated	  with	  the	  help	  of	   a	   suitable	   solvent	  and	   then	  polymerized	  as	   illustrated	   in	  Figure	  2.9.	  Polymerization	  can	   be	   initiated	   by	   heat	   or	   radiation,	   diffusion	   of	   a	   suitable	   initiator	   or	   catalyst	   fixed	  through	  cation	  exchange	  inside	  the	  interlayered	  before	  the	  swelling	  step	  [81,	  83,	  84].	  	  	  
	  
Figure	  2.9	  -­‐	  Scheme	  of	  nanocomposite	  synthesis	  by	  in-­‐situ	  polymerization	  [85].	  	  
Solution	  dispersion	  -­‐	  is	  based	  on	  a	  solvent	  system	  in	  which	  the	  polymer	  is	  soluble	  and,	   at	   the	   same	   time,	   the	   nanoclays	   are	   able	   to	   swell.	   In	   general,	   the	   clays	   are	   first	  swollen	   in	   a	   solvent,	   such	   as	   water,	   chloroform	   or	   toluene,	   to	   form	   a	   homogeneous	  suspension	   in	   which	   the	   soluble	   polymer	   is	   successively	   added	   [30,	   86].	   The	   process	  ends	  with	  the	  evaporation	  of	  the	  solvent	  or	  the	  precipitation	  of	  the	  mixture,	  trapping	  the	  polymer	  chains	  intercalated	  into	  the	  galleries	  of	  the	  clays	  [83,	  87].	  This	  method	  is	  preferred	  for	  polymers	  that	  require	  high	  processing	  temperature	  at	  which	  the	  organoclay	  may	  degrade.	  Using	  this	  method,	   intercalation	  only	  occurs	   for	  certain	   polymer/solvent	   pairs	   [76].	   This	   method	   is	   good	   for	   the	   intercalation	   of	  polymers	  with	   little	  or	  no	  polarity	   into	   layered	  structures	  and	  facilitates	  production	  of	  thin	  films	  with	  polymer-­‐oriented	  clay	  intercalated	  layers	  [88].	  However,	  from	  industrial	  point	  of	  view,	  this	  method	  involves	  the	  copious	  use	  of	  organic	  solvents,	  which	  is	  usually	  environmentally	  unfriendly	  and	  economically	  not	  viable	  [30].	  
Melt	   processing	   -­‐	   this	   method	   involves	   the	   mixing	   of	   polymer	   with	   nanoclays	  above	   the	   polymer	   glass	   transition	   or	  melt	   temperature	   [87].	   At	   higher	   temperatures	  polymer	   chains	   are	   sufficiently	  mobile	   to	   diffuse	   into	   the	   galleries	   of	   the	   clay	   (Figure	  2.10)	  [86,	  89].	  Melt	  intercalation	  is	  an	  environmentally	  friendly	  technique,	  as	  it	  does	  not	  require	   any	   solvent.	   It	   is	   also	   commercially	   attractive	   due	   to	   its	   compatibility	   with	  existing	   processing	   techniques	   [76,	   84].	   This	   method	   was	   used	   to	   prepare	   the	  nanocomposites	  studied	  in	  this	  work.	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Figure	  2.10	  -­‐	  Scheme	  of	  nanocomposite	  synthesis	  by	  melt	  processing	  [85].	  	  Any	  physical	  mixture	  of	  a	  polymer	  with	  silicate	  (or	  inorganic	  material	  in	  general)	  does	   not	   necessarily	   form	   a	   nanocomposite	   [90].	   Depending	   on	   the	   nature	   of	  components	   (polymer	   matrix,	   clay	   filler	   and	   organic	   surfactant)	   and	   processing	  conditions,	  clay	  particles	  can	  present	  different	  configurations	  when	  incorporated	  in	  the	  polymer	   matrix	   [75].	   The	   literature	   commonly	   refers	   three	   types	   of	   morphology:	  immiscible	   (conventional	   or	   microcomposite),	   intercalated,	   and	   exfoliated.	   These	   are	  schematically	   illustrated	   in	   Fig.	   2.11	   along	   with	   example	   transmission	   electron	  microscopic	  (TEM)	  images	  and	  the	  expected	  wide	  angle	  X-­‐ray	  scans	  (WAXS)	  [15].	  
Immiscible	   –in	   this	   case,	   the	   nanoclay	   platelets	   exist	   in	   particles	   comprised	   of	  stacks	   or	   aggregates	   of	   stacks	   more	   or	   less	   as	   they	   were	   in	   the	   clay	   powder,	   i.e.,	   no	  separation	   of	   platelets.	   Thus,	   the	   wide	   angle	   X-­‐ray	   scan	   of	   the	   polymer	   composite	   is	  expected	  to	  look	  essentially	  the	  same	  as	  that	  obtained	  for	  the	  organoclay	  powder	  [15].	  
Intercalated	   –	   intercalated	   structures	   are	   formed	  when	   a	   single	   (or	   sometimes	  more)	  extended	  polymer	  chain	  is	  intercalated	  between	  the	  silicate	  layers.	  The	  result	  is	  a	  well	  ordered	  multilayer	  structure	  of	  alternating	  polymeric	  and	  inorganic	   layers,	  with	  a	  repeat	  distance	  between	  them	  [86,	  90].	  In	  this	  case	  it	  is	  seen	  a	  peak	  shift	  in	  X-­‐ray	  scans	  which	   indicates	   that	   the	  gallery	  has	  expanded,	   and	   it	   is	  usually	  assumed	   that	  polymer	  chains	  have	  entered	  or	  have	  been	  intercalated	  in	  the	  gallery	  [15].	  	  
Exfoliated	   -­‐	   exfoliated	   structures	   are	   obtained	   when	   the	   clay	   layers	   are	   well	  separated	   from	   one	   another	   and	   individually	   dispersed	   in	   the	   continuous	   polymer	  matrix.	  In	  this	  case,	  the	  polymer	  separates	  the	  clay	  platelets	  and	  no	  peak	  is	  visible	  in	  the	  X-­‐ray	  scans	  [90,	  91].	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Figure	  2.11	  -­‐	  Illustration	  of	  different	  states	  of	  dispersion	  of	  organoclays	  in	  polymers	  with	  corresponding	  WAXS	  and	  TEM	  results	  [15].	  	  The	   exfoliated	   configuration	   is	   of	   particular	   interest	   because	   it	   maximizes	   the	  polymer–clay	  interactions	  making	  the	  entire	  surface	  of	  layers	  available	  for	  the	  polymer	  [69].	   This	   should	   lead	   to	   the	   most	   significant	   changes	   in	   mechanical	   and	   physical	  properties.	  In	  fact,	  it	  is	  generally	  accepted	  that	  exfoliated	  systems	  give	  better	  mechanical	  properties	   than	   intercalated	   ones.	   However,	   it	   is	   not	   easy	   to	   achieve	   complete	  exfoliation	   of	   clays	   and,	   indeed	   with	   few	   exceptions,	   the	   majority	   of	   the	   polymer	  nanocomposites	   reported	   in	   the	   literature	   were	   found	   to	   have	   intercalated	   or	   mixed	  intercalated-­‐exfoliated	  nanostructures	  [90].	  	  	  	  	  	  	  	  
	  	  
	  	  	  	  	  	  	  	  	  	  	  	  
Chapter 3   
	   Experimental	  	  	  	  	  
“Nothing	  in	  life	  is	  to	  be	  feared,	  it	  is	  only	  to	  be	  understood.	  Now	  is	  the	  time	  to	  
understand	  more,	  so	  that	  we	  may	  fear	  less.”	  —	  Marie	  Curie	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In	  order	   to	   study	   thermal	   and	  UV	  stability	  of	  PLA	  with	  nanoclays	   incorporation,	  different	  nanocomposites	  were	  prepared.	  This	  chapter	  will	  be	  dedicated	  to	  the	  detailed	  description	  of	  the	  materials	  and	  the	  processing	  technique	  used	  in	  the	  preparation	  of	  PLA	  samples.	  Moreover,	   the	   equipment	   and	   experimental	   conditions	   used	   in	   these	   studies	  will	  be	  presented.	  	  Afterwards,	   a	   concisely	  description	  of	   the	   characterization	   techniques	   employed	  on	  materials	  characterization	  and	  to	  follow	  thermal	  and	  photo-­‐oxidative	  degradation	  of	  PLA	  and	  PLA	  nanocomposites	  will	  be	  made.	  	  
3.1.	  Materials	  A	  commercial	  grade	  PLA	  (3251D)	  was	  supplied	  by	  NatureWorks	  LLC	  (USA).	  The	  three	  modified	  MTT	  used	  were	  supplied	  by	  Southern	  Clay	  Products	  (USA)	  –	  Cloisite	  30B	  and	  Cloisite	  15A	  –	  and	  by	  Laviosa	  Mineraria	  (Italy)	  –	  Dellite	  43B.	  The	  characteristics	  of	  the	  used	  PLA	  and	  clays	  are	  listed	  in	  Table	  3.1	  and	  3.2,	  respectively.	  	  	  
Table	  3.1	  –	  PLA	  properties.	  
Physical	  properties	  
Specific	  gravity	   1.24	  
Relative	  viscosity	   2.5	  
Crystalline	  melt	  temperature	  (°C)	   160-­‐170	  
Glass	  transition	  temperature	  (°C)	   55-­‐65	  
Clarity	   Transparent	  
Mechanical	  properties	  
Tensile	  yield	  strength	  (MPa)	   48	  
Tensile	  Elongation	  (%)	   2.5	  
Notched	  Izod	  Impact	  (J/m)	   16.0	  
Flexural	  strength	  (MPa)	   83	  
	   	  Chloroform	  and	  deuterated	  chloroform	  (Table	  3.3)	  were	  purchased	  from	  Lab-­‐Scan	  and	  Acros	  Organics,	  respectively,	  and	  used	  as	  received.	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Table	  3.2	  -­‐	  Structure	  of	  nanoclays	  modifiers.	  
Commercial	  
name	  
Modifier	  
structure	  a	  
Extent	  of	  
modification	  
(meq/100	  g	  
clay)	  
%	  Moisture	  
%	  Weight	  
loss	  on	  
ignition	  
Code	  
Cloisite	  30B	  
	  
90	   <	  2	   30	   C30B	  
Cloisite	  15A	  
	  
125	   <	  2	   43	   C15A	  
Dellite	  43B	  
	  
	   3	  (max)	   32	  -­‐	  35	   D43B	  
a	  T	  is	  tallow	  (~65%	  C18;	  ~30%	  C16;	  ~5%	  C14)	  	  	  
Table	  3.3	  -­‐	  Characteristics	  of	  the	  used	  reagents.	  
	  	  
3.2.	  Samples	  preparation	  Polymer	  pellets	  and	  modified	  MMT	  were	  dried	  in	  a	  vacuum	  oven	  at	  60	  °C	  for	  12	  h	  before	   use.	   PLA	   nanocomposites	   with	   3	   and	   5	   wt.%	   of	   C30B,	   C15A	   and	   D43B	   were	  prepared,	  after	  pre-­‐mixing,	  in	  a	  Haake	  batch	  mixer	  (HAAKE	  Rheomix	  600	  OS;	  volume	  69	  mL)	   equipped	  with	   two	   rotors	   running	   in	   a	   counter-­‐rotating	   way	   and	   the	   weight	   (g)	  used	  in	  each	  case	  is	  listed	  in	  Table	  3.4.	  The	  rotor	  speed	  was	  80	  rpm,	  the	  set	  temperature	  was	  190	  °C	  and	  the	  mixing	  time	  was	  5	  minutes.	  	  	  	  
Solvent	   Molecular	  formula	  
Molecular	  
weight	  
(g/mol)	  
Density	  
(g/cm3)	  
Risk	  
statements	  
Safety	  
statements	   Purity	  Chloroform	   CHCl3	   119.38	   1.489	   22-­‐38-­‐40	  48/20/22	   36/37	   99.5%	  Chloroform-­‐d	   CDCl3	   120.39	   1.500	   22-­‐38-­‐40	  48/20/22	   36/37	   99.8%	  d-­‐enrichment	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Table	  3.4	  –	  Materials	  weight	  for	  Haake	  preparation.	  
Nanoclay	  incorporation	  
(wt.%)	   Nanoclay	  (g)	   PLA	  	  (g)	  
0	   -­‐	   58.00	  3	   1.74	   56.26	  5	   2.90	   55.10	  	  The	  prepared	  nanocomposites	  were	  pressed	  into	  thin	  films	  and	  thick	  discs	  at	  200	  °C	  under	  30	   ton	   for	  60	  s.	  The	   thickness	  of	  each	   film	  (ca.	  40	  μm)	  was	  measured	  with	  a	  pachymeter	  Mitutoyo.	  	  
3.3.	  Degradation	  
3.3.1.	  Thermo-­‐oxidative	  degradation	  In	   order	   to	   evaluate	   the	   thermo-­‐oxidative	   stability	   of	   PLA	   and	   PLA	  nanocomposites,	   samples	  were	  subjected	   to	  constant	  heat	  at	  140°C	   for	  120	  hours	   in	  a	  Heraeus	  vacutherm	  oven	  under	  air	   (Figure	  3.1).	  The	  experiments	  were	  carried	  out	  on	  small	   rectangular	   sections	   of	   the	   thin	   films	   and	   samples	  were	   taken	   along	   time	   to	   be	  characterized.	  	  
	  
Figure	  3.1	  –	  Representation	  of	  the	  used	  oven	  on	  thermal	  degradation.	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3.3.2.	  Photo-­‐oxidative	  degradation	  The	  accelerated	  weathering	  of	  PLA	  and	  PLA	  nanocomposites	  were	  carried	  out	  in	  a	  XenoTest	  150	  S	   chamber	   from	  Heraeus	   (Original	  Hanau)	  according	   to	   the	   ISO	  4892-­‐2.	  The	  XenoTest	  15	  S	  is	  equipped	  with:	  a	  Xenon	  light	  source	  with	  an	  intensity	  of	  60	  Wm-­‐2;	  optical	  filter	  system	  (according	  to	  Figure	  3.2);	  humidification	  unit;	  distilled	  water	  vessel;	  pump	   and	   piping	   system	   for	   circulation	   of	   the	   water	   to	   the	   humidification	   and	   rain	  sprain	  units;	  and	  10	  specimen	  holders	  (dimensions	  of	  135	  x	  45	  mm),	  with	  double	  face,	  in	  vertical	  position	  and	  mounted	  on	  a	  revolving	  cylindrical	  rack	  which	  is	  rotated	  around	  the	   light	   source.	   The	   holders	   also	   turn	   on	   their	   own	   axis	   (rotational)	   simulating	  dark/light	  cycle.	  	  
	  
Figure	  3.2	  –	  Arrangement	  of	  optical	  filter	  system	  and	  specimen	  holders	  in	  accelerated	  chamber.	  	  The	   light	  of	   the	   xenon	   lamp	  was	   filtered	  under	  300	  nm	   (Figure	  3.3)	  with	   an	  UV	  window	   combined	   with	   six	   IR	   filter	   glasses	   and	   a	   dark	   UV	   filter	   glass.	   The	   XenoTest	  creates	   an	   accelerated	   environment	   of	   the	   natural	   weathering	   conditions,	   simulating	  materials	   behaviour	   during	   its	   lifetime,	   i.e.,	   daylight	   exposure	   with	   heat,	   oxygen	   and	  humidity.	  The	  accelerated	  weathering	  conditions	  are	  listed	  in	  Table	  3.5.	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Figure	  3.3	  -­‐	  Spectral	  energy	  distribution	  in	  wavelength	  range	  of	  200-­‐800	  nm.	  	  Samples	  were	  removed	  after	  100,	  200,	  300,	  400,	  500	  and	  600	  hours	  of	  exposure	  and	  characterized	  by	  several	  analytical	  techniques.	  	  	  
Table	  3.5	  -­‐	  Conditions	  in	  accelerated	  weathering	  chamber.	  
Cycle period Cycle time (minutes) Temperature (ºC) 
Relative humidity 
(%) 
Rain 18 23.0 85.0 
Dry 102 30.0 58.0 	   	  
3.4.	  Materials	  characterization	  
3.4.1.	  Scanning	  Electron	  Microscopy	  (SEM)	  	  The	   scanning	   electron	   microscope	   is	   one	   of	   the	   most	   versatile	   instruments	  available	  for	  the	  examination	  and	  analysis	  of	  the	  microstructural	  characteristics	  of	  solid	  materials	   [92].	   SEM	   permits	   the	   observation	   and	   characterization	   of	   heterogeneous	  organic	   and	   inorganic	   materials	   on	   a	   nanometer	   (nm)	   to	   micrometer	   (μm)	   scale	   and	  became	   particularly	   important	   in	   the	   study	   of	   micro	   and	   nanomaterials	   [93].	   In	   this	  technique	  electrons	  from	  a	  thermionic	  cathode	  are	  accelerated	  and	  hit	  the	  surface	  of	  the	  sample	   yielding	   secondary	   electrons	   and	   backscattered	   electrons,	   used	   for	   the	   image,	  Auger	   electrons	   and	   X-­‐ray	   radiation	   [94,	   95].	   SEM	   is	   used	   to	   examine	   the	   surface	   of	  polymers	   and	   can	   reveal	   morphological	   changes	   under	   the	   action	   of	   influencing	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parameters,	  such	  as	  different	  preparation	  conditions,	  outdoor	  weathering	  and	  physical	  and	   thermal	   ageing	   [93,	   96].	   Another	   important	   aspect,	   which	   is	   more	   related	   to	  nanocomposites,	  is	  the	  dispersion	  state	  of	  the	  nanoparticles	  in	  the	  polymeric	  matrix	  and	  SEM	  may	   additionally	   play	   a	   significant	   role,	   particularly	   to	   examine	   the	   presence	   of	  agglomerates	  [97,	  98].	  An	   energy-­‐dispersive	   spectrometer	   (EDS)	   can	   be	   coupled	   to	   the	   SEM	   to	   detect	  characteristic	  X-­‐rays	  of	  all	  elements	  above	  atomic	  number	  4.	  The	  EDS	  system	  offers	  an	  evaluation	  on	  the	  elemental	  constitution	  of	  a	  sample	  [92].	  The	   prepared	   nanocomposites	   with	   different	   wt.%	   of	   nanoclay	   incorporation	  were	  fracture	  in	  liquid	  nitrogen,	  fixed	  with	  a	  conducting	  bi-­‐adhesive	  tape	  on	  aluminium	  stubs	   and	   gold	   plating.	   The	   morphology	   of	   the	   samples	   was	   studied	   using	   a	   Leica	  Cambridge	  S360	  scanning	  electron	  microscope.	  In	   order	   to	   evaluate	   qualitatively	   the	   elemental	   constitution	   of	   the	   different	  nanoclays	  used	   in	   this	  work,	  powder	   samples	  were	  analysed	  by	  EDS	   in	   the	   same	  SEM	  equipment.	  
3.4.2.	  Fourier	  Transformed	  Infrared	  spectroscopy	  (FTIR)	  An	   infrared	   absorption	   spectrum	   of	   a	   material	   is	   obtained	   simply	   by	   allowing	  infrared	   radiation	   to	   pass	   through	   the	   sample	   and	   determining	   what	   fraction	   is	  absorbed	  at	  each	   frequency	  within	  some	  particular	  range.	  The	   frequency	  at	  which	  any	  peak	  in	  the	  absorption	  spectrum	  appears	  is	  equal	  to	  the	  frequency	  of	  a	  vibration	  mode	  of	  the	  molecules	  of	  the	  sample	  [8].	  This	  method	  is	  rapid	  and	  sensitive,	  not	  expensive	  and	  with	  sampling	  techniques	  that	  are	  easily	  used	  [99].	  This	  analytical	  technique	  as	  been	  used	  to	  identify	  and	  characterize	  polymers,	  as	  it	  can	   provide	   information	   about	   chemical	   structure	   and	   the	   presence	   of	   additives	   and	  impurities.	   In	   the	   case	   of	   nanocomposites,	   FTIR	   is	   used	   to	   analyse	   the	   interactions	  between	   the	   polymer	   and	   the	   filler	   used.	   FTIR	   also	   allows	   to	   follow	   the	   thermal	   and	  photo-­‐degradation	  of	  polymers,	  identifying	  the	  structural	  changes	  that	  occur	  throughout	  degradation	  [8,	  100].	  Room	   temperature	   infrared	   spectra	   of	   the	   initial	   and	   degraded	   films	   of	   all	  prepared	   samples	   and	   nanoclays	   powders	   (pressed	   into	   pellets	  with	   2	  %	   of	   nanoclay	  and	  98	  %	  of	  KBr)	  were	  recorded	  on	  an	  ABB	  FTLA	  2000	  spectrometer	  in	  the	  range	  4000-­‐500	  cm-­‐1	  by	  averaging	  16	  scans	  and	  using	  a	  resolution	  of	  4	  cm-­‐1.	  
3.4.3.	  X-­‐ray	  Diffraction	  (XRD)	  XRD	  is	  a	  powerful	  technique	  that	  operates	  by	  directing	  an	  incident	  ray	  beam	  to	  a	  sample,	   which	   is	   then	   diffracted	   at	   specific	   angles	   and	   intensities	   depending	   on	   the	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crystalline	  and	  amorphous	  phases	  of	  the	  sample.	  Through	  the	  analysis	  of	  XRD,	  valuable	  information	   of	   polycrystalline	  materials	   can	   be	   obtained	   like	   the	   identification	   of	   the	  crystalline	   phases	   present	   in	  materials	   and	  measurement	   of	   the	   structural	   properties,	  such	   as	   grain	   size	   and	   preferred	   orientation	   [101].	   In	   the	   case	   of	   nanocomposites	  characterization,	   XRD	   results	   give	   an	   indication	   of	   the	   dispersion	   morphology	   of	   the	  nanoparticles	   and	   the	   interlayer	   spacing	   	   (a	   few	   angstroms	   in	   size)	   can	   also	   be	  determined	  [102,	  103].	  The	  diffraction	  patterns	  were	  obtained	  using	  a	  diffractometer	  (AXS	  Nanostar-­‐D8	  Discover,	  Bruker)	  equipped	  with	  a	  CuKα	  generator	  (λ	  =	  1.5404	  Å)	  at	  40	  kV	  and	  40	  mA,	  in	   a	   2θ	   range	   from	   0.08	   –	   10°.	   The	   nanoclays	   were	   analysed	   directly,	   whereas	   the	  nanocomposite	   samples	   were	   previously	   compression	   molded	   into	   disks	   with	   a	  diameter	  of	  20	  mm	  and	  a	  thickness	  of	  4	  mm.	  
3.4.4.	  Nuclear	  Magnetic	  Resonance	  spectroscopy	  (NMR)	  NMR	  is	  a	  dominant	  analytical	  tool,	  which	  has	  widespread	  applications	  in	  all	  areas	  of	   synthetic	   chemistry	   and	   can	   provide	   accurate	   qualitative	   and	   quantitative	  information	  on	  the	  chemical	  structure	  of	  the	  analysed	  compounds	  [8].	  The	  fundamental	  property	  of	  the	  atomic	  nucleus	  involved	  in	  NMR	  is	  the	  nuclear	  spin,	  I,	  which	  must	  be	  a	  value	  that	  proportionate	  the	  nucleus	  to	  have	  a	  magnetic	  moment.	  The	  nuclei	  commonly	  observed	  in	  NMR	  spectroscopy	  of	  organic	  compounds	  (1H	  and	  13C)	  have	  spin	  I=½	  [104].	  When	  applied	  to	  polymers,	  NMR	  give	  information	  about	  chemical	  structural	  and	  is	  also	  capable	   of	   providing	   detailed	   information	   on	   certain	   aspects	   of	   chain	   structure	  which	  are	  not	  accessible	  by	  other	  techniques	  [105,	  106].	  1H	  NMR	  spectra	  of	  initial	  and	  degraded	  PLA	  and	  PLA	  nanocomposites	  with	  3	  wt.%	  nanoclay	   incorporation	  were	   recorded	   on	   a	   Varian	  Unity	   Plus	   300	  MHz	   spectrometer	  using	  deuterated	  chloroform	  as	  solvent	  and	  tetramethylsilane	  as	  internal	  standard.	  
3.4.5.	  Viscosity	  measurements	  Polymer	  molecules	  possess	  the	  unique	  capacity	  to	  greatly	  increase	  the	  viscosity	  of	  the	   liquid	   in	  which	  they	  are	  dissolved,	  even	  when	  present	  at	   low	  concentrations	   [107]	  and	  the	  measurement	  of	  the	  viscosity	  of	  dilute	  solutions	  is	  the	  oldest,	  simplest	  and	  most	  widely	  used	  method	  for	  obtaining	  information	  about	  the	  molecular	  weight	  of	  a	  polymer.	  Determination	  of	   the	   intrinsic	  viscosity	   requires	   the	  measurement	  of	   the	  viscosities	  of	  several	  dilute	  solutions	  [108].	  A	  large	  number	  of	  sophisticated	  viscometers	  exist	  for	  the	  accurate	  measurement	  of	  solution	  viscosity	  and	  its	  variation	  with	  concentration,	  shear	  rate	  and	  temperature.	  Figure	  3.4	  shows	  an	  Ubbelohde	  capillary	  viscometer	  and	  when	  in	  use,	   the	   bulb	   A	   is	   filled	   with	   a	   solution	   of	   known	   concentration.	   A	   volume	   V	   of	   this	  
Chapter	  3	  -­‐	  Experimental	  
	   34	  
solution	  is	  then	  transferred	  to	  completely	  fill	  bulb	  C	  between	  marks	  E	  and	  F	  by	  closing	  arm	  N	  and	  applying	  a	  pressure	  down	  arm	  L.	  Further	  draining	  of	   liquid	  out	  of	  bulb	  C	  is	  prevented	  by	  closing	  arm	  M,	  and	  the	  viscometer	  is	  transferred	  to	  a	  thermostatted	  bath.	  On	  simultaneously	  opening	  N	  and	  releasing	  the	  pressure	  in	  L,	  excess	  liquid	  drains	  back	  into	  A,	  leaving	  bulb	  C	  filled.	  The	  time	  taken	  for	  the	  liquid	  level	  to	  move	  from	  mark	  F	  to	  mark	  E	  is	  recorded	  and	  the	  process	  is	  then	  repeated	  for	  the	  pure	  solvent	  and	  also	  for	  the	  polymer	  solutions	  [5].	  
	  
Figure	  3.4	  -­‐	  Representation	  of	  an	  Ubbelohde	  capillary	  viscometer	  [5].	  
	  The	   intrinsic	  viscosity	   (η)	  of	  all	   samples	   	   (initial	   and	  degraded)	  was	  determined	  using	   an	   Ubbelohde	   capillary	   viscometer,	   represented	   in	   Figure	   3.5,	   with	   5	   mg	   ml-­‐1	  solutions	  in	  chloroform	  at	  25.0	  ±	  0.5	  °C	  and	  according	  to	  the	  following	  equation	  [45]:	  	  	   𝜂 = !( !!!! !!"!!)! 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (eq.	  1)	  where	  𝜂! 	  is	  relative	  viscosity	  and	  c	  is	  polymer	  solution	  concentration.	  Five	  measurements	  were	  performed	  and	  averaged	  to	  obtain	  the	  solution	  viscosity	  of	  each	  sample.	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Figure	  3.5	  –	  Representation	  of	  the	  equipment	  used	  to	  measure	  the	  intrinsic	  viscosity.	  	  
3.4.6.	  Thermogravimetric	  Analysis	  (TGA)	  Thermogravimetry	   evaluates	   the	   mass	   change	   of	   a	   sample	   as	   a	   function	   of	  temperature	   or	   time	   (in	   the	   isothermal	   mode)	   as	   the	   specimen	   is	   subjected	   to	   a	  controlled	   temperature	   program	   in	   a	   controlled	   atmosphere	   [109].	   Not	   all	   thermal	  events	  bring	  a	  change	  in	  the	  sample	  mass	  (for	  example	  melting,	  crystallization	  or	  glass	  transition),	   but	   there	   are	   some	   very	   important	   exceptions,	   which	   include	   desorption,	  absorption,	   sublimation,	   vaporization,	   oxidation,	   reduction	   and	   decomposition.	   TGA	   is	  used	   to	   characterize	   the	   decomposition	   and	   thermal	   stability	   of	   materials,	   including	  polymers	   and	   polymeric	  materials,	   under	   a	   variety	   of	   conditions,	   and	   to	   examine	   the	  kinetics	  of	  the	  physical-­‐chemical	  processes	  occurring	  in	  the	  sample	  [110].	  Thermogravimetric	   analyses	   of	   PLA	   and	   PLA	   nanocomposites	   with	   3	   wt.%	   of	  nanoclays	  addiction	  were	  performed	  using	  a	  TGA	  Q500	  (TA	  Instruments)	  at	  10	  °C/min	  from	  30	  to	  500	  °C	  under	  nitrogen	  flow.	  Initial	  sample	  weight	  was	  approximately	  10	  mg.	  
3.4.7.	  Differential	  Scanning	  Calorimetry	  (DSC)	  The	   differential	   scanning	   calorimeter	   is	   perhaps	   the	   instrument	   that	   has	  dominated	   the	   field	  of	   thermal	  analysis	   in	   the	  past	  decade	   [111].	   In	  a	  DSC	  experiment	  the	  difference	   in	  energy	   input	   to	  a	  sample	  and	  a	  reference	  material	   is	  measured	  while	  the	  sample	  and	  reference	  are	  subjected	  to	  a	  controlled	  temperature	  program	  [109,	  112].	  Such	  measurements	  provide	  quantitative	  and	  qualitative	  information	  about	  physical	  or	  chemical	   changes	   that	   involves	   exothermic	   and	   endothermic	   processes	   or	   changes	   in	  heat	   capacity	   [113].	   DSC	   can	   provide	   information	   on:	   glass	   transition;	   melt	   point;	  crystallisation	   time	   and	   temperature;	   crystallinity;	   oxidative	   stability;	   polymer	   heat	  history	  studies;	  reaction	  kinetics;	  thermal	  stability,	  among	  others	  [113].	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Thermal	  properties	  of	   initial	  and	  degraded	  PLA	  and	  PLA	  nanocomposites	  with	  3	  wt.%	   nanoclay	   were	   determined	   in	   a	   Perkin-­‐Elmer	   DSC	   7	   under	   nitrogen.	  Approximately	  6	  mg	  of	  each	  sample	  were	  cut	  from	  the	  films	  and	  placed	  in	  an	  aluminum	  pan.	  The	  analysis	  was	  performed	   in	   three	   steps:	   first	  heating	   from	  30	   to	  250	   °C	  at	  50	  °C/min,	  cooling	  from	  250	  to	  30	  °C	  at	  10	  °C/min,	  and	  second	  heating	  from	  30	  to	  250	  °C	  at	  10	   °C/min.	   Two	   minute	   isothermal	   plateau	   were	   inserted	   between	   the	   ramps.	   The	  melting	   and	  glass	   transition	   temperatures	   (Tm	  and	  Tg	   respectively)	  were	  obtained	  and	  degree	  of	  crystallinity	  (χ)	  was	  determined	  using	  the	  melting	  enthalpy	  for	  PLA	  of	  100%	  crystallinity	  (ΔH!! =	  146.0	  J	  g-­‐1)	  [25]	  according	  to	  the	  following	  equation:	  𝜒 % = !!!!!!! ×100	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (eq.	  2)	  where	  ΔH! 	  is	   the	   experimental	   melting	   enthalpy	   obtained	   for	   the	   samples.
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"The	  most	  exciting	  phrase	  to	  hear	  in	  science,	  the	  one	  that	  heralds	  the	  most	  
discoveries,	  is	  not	  "Eureka!"	  (I	  found	  it!)	  but	  'That's	  funny..."	  	  —	  Isaac	  Asimov	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In	  this	  chapter	  the	  results	  obtained	  are	  presented	  and	  discussed,	  but	  for	  a	  better	  understanding,	   they	   were	   divided	   in	   three	   subchapters:	   materials	   characterization,	  thermo-­‐oxidative	  degradation	  and	  photo-­‐oxidative	  degradation.	  The	  first	  subchapter	  presents	  results	  from	  characterization	  of	  the	  initial	  materials	  used	  and	  the	  PLA	  and	  PLA	  nanocomposites	  prepared	  by	  melt	  mixing.	  The	  second	  and	  third	  subchapters	  present	  the	  results	  concerning	  the	  thermal	  and	  photo-­‐oxidative	  degradation,	  respectively.	  	  
4.1.	  Materials	  Characterization	  
4.1.1.	  EDS	  analysis	  of	  nanoclays	  	  As	  it	  was	  said	  before,	  thermal	  degradation	  of	  PLA	  is	  influenced	  by	  the	  presence	  of	  residual	  metals	  as	  they	  can	  lower	  the	  thermal	  degradation	  temperature	  and	  induce	  the	  remarkable	  racemization	  of	  lactic	  acid	  monomeric	  unit	  [47].	  	  According	  to	  Tian	  et	  al.	  [114],	  MMT	  is	  constituted	  by	  58	  %	  of	  SiO2,	  22	  %	  Al2O3,	  3	  %	  of	  MgO	  and	  Na2O,	  2	  %	  of	  Fe2O3	  and	  also	  present	  CaO,	  K2O	  and	  trace	  amounts	  of	  TiO2	  and	  MnO.	   The	   nanoclays	   used	   in	   this	   work	   were	   analysed	   by	   EDS	   to	   obtain	   information	  about	  their	  elemental	  constitution,	  specially	  the	  presence	  of	  metals	  that	  have	  influence	  on	   thermal	  degradation	  of	  PLA.	  Figure	  4.1	  presents	   the	  EDS	   results	   for	   the	  powder	  of	  C30B	  and	  Table	  4.1	  the	  relative	  %	  of	  some	  elements	  of	  all	  clays.	  	  
	  
Figure	  4.1	  –	  EDS	  results	  for	  C30B	  powder.	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As	   EDS	   only	   provides	   qualitative	   elemental	   information,	   the	   results	   obtained	  cannot	  be	  compared	  with	  the	  ones	  from	  the	  literature.	  However,	  it	  is	  possible	  to	  see	  that	  there	   are	   no	   significant	   differences	   between	   the	   relative	   percentages	   of	   the	   nanoclay	  elements	  that	  could	  influence	  thermo-­‐oxidative	  degradation	  of	  PLA.	  	  
Table	  4.1	  -­‐	  Elemental	  constitution	  of	  the	  nanoclays	  used.	  
Nanoclay	  
	  
Element	  
(relative	  %)	  
C30B	   C15A	   D43B	  
Mg	   3.0	   2.9	   3.0	  
Al	   24.1	   24.1	   22.8	  
Fe	   5.0	   4.5	   4.5	  
Ca	   0.8	   0.4	   0.8	  	  
4.1.2.	  Chemical	  structure	  analysed	  by	  NMR	  NMR	  is	  the	  most	  effective	  available	  technique	  for	  determining	  chemical	  structures	  and	   is	   routinely	   employed	   to	   characterise	   and	   to	   identify	   the	   chemical	   structures	  present	   in	   polymers.	   PLA	   was	   analysed	   by	   1H-­‐NMR	   spectroscopy	   and	   the	   spectra	   is	  represented	  in	  Figure	  4.2.	  
	  
Figure	  4.2	  -­‐	  1H	  NMR	  spectra	  of	  PLA.	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  The	   characteristic	   peaks	   of	   PLA	   at	   chemical	   shift	   (δ)	   5.16	   and	   1.57	   ppm	   are	  respectively	  ascribed	  to	  –CH	  and	  –CH3	  protons	  of	  PLA	  repeat	  unit	  and	  this	  assignments	  are	  in	  well	  agreement	  with	  literature	  [115].	  The	  resonance	  peaks	  at	  7.27	  and	  2.17	  ppm	  correspond	  respectively	  to	  the	  residual	  solvent	  (CDCl3)	  and	  to	  acetone	  used	  in	  the	  wash	  of	  the	  material.	  The	   prepared	   nanocomposites	   were	   also	   analysed	   by	   1H-­‐NRM	   and	   the	   results	  were	  equal	  to	  PLA	  (results	  not	  shown).	  
4.1.3.	  Chemical	  structure	  analysed	  by	  FTIR	  Infrared	   is	   an	   important	   analytical	   technique	   used	   to	   identify	   and	   characterize	  polymers	  as	  it	  provides	  information	  about	  their	  chemical	  structure.	  In	  figure	  4.3	  a)	  and	  b)	   is	   presented	   the	   FTIR	   spectra	   of	   PLA	   recorded	   in	   two	   different	   regions,	   i.e.,	   4000-­‐2500	  and	  1900-­‐500	  cm-­‐1.	   In	  the	  first	  region	  are	  observed	  bands	  assigned	  to	  OH	  and	  to	  CH	   stretch.	   The	   second	   region	   exhibits	   bands	   assigned	   to	   C=O,	   CH,	   CC	   and	   COC.	   The	  compilation,	  comparison	  with	  reference	  works	  and	  attributions	  of	  these	  bands	  are	  listed	  in	  Table	  4.2	  and	   it	   is	   seen	   that	  all	  bands	  are	   in	  concordance	  with	  references	   [88,	  115-­‐121].	   	  
	  
Figure	  4.3	  -­‐	  FTIR	  spectra	  of	  PLA	  in	  two	  regions:	  a)	  4000-­‐2500	  cm-­‐1	  and	  b)	  1900-­‐500	  cm-­‐1.	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Table	  4.2	  -­‐	  Attribution	  of	  the	  principal	  FTIR	  bands	  of	  PLA	  Experimental	  bands	  (cm-­‐1)	   Reference	  bands	  (cm-­‐1)	   Assignments	  a	   Reference	  3657	   3658	   ν	  OH	   [88,	  119]	  3504	   3504	   ν	  OH	   [115,	  120]	  2995	   2995	   νas	  CH3	   [115,	  116,	  120]	  2945	   2945	   νs	  CH3	   [115,	  116]	  2881	   2882	   ν	  CH	   [115,	  116]	  1756	   1760	   ν	  C=O	   [115-­‐118]	  1625	   1618	   OH	  (water)	   [119]	  1450	  -­‐	  1460	   1452	   δas	  CH3	   [115,	  117]	  1350	  –	  1400	   1348	  -­‐	  1388	   δs	  CH3	  +	  δ	  CH	   [116,	  120]	  
1160	  -­‐	  1290	   1270	  1215	  -­‐	  1185	  1190	  -­‐	  1186	  
δ	  CH	  +	  ν	  COC	  νas	  COC	  +	  νs	  COC	  νas	  COC	  +	  γas	  CH3	   [115,	  116]	  
1045	  -­‐	  1150	   1130	  1100	  1045	  
γas	  CH3	  νs	  COC	  ν	  C-­‐CH3	   [115,	  116,	  121]	  957	   955	   γ	  CH3	  +	  ν	  CC	  amorphous	  phase	   [115,	  118]	  870	   867	   ν	  C-­‐COO	  amorphous	  phase	   [58,	  115,	  121]	  756	   760-­‐740	  755	   δ	  C=O	  crystalline	  phase	   [116]	  [88,	  115]	  
a	  ν	  =	  stretching	  vibration;	  νas	  =	  asymmetric	  stretching	  vibration;	  νs	  =	  symmetric	  stretching	  vibration;	  δ	  =	  bending	  vibration	   ;	  δas	  =	  asymmetric	  bending	  vibration;	  δs	  =	  symmetric	  bending	  vibration;	  γ	  =	  out-­‐of-­‐plane	  bending	  vibration;	  γas	  =	  asymmetric	  out-­‐of-­‐plane	  bending	  vibration.	  	  FTIR	  was	  also	  used	  to	  characterize	  the	  interactions	  between	  PLA	  and	  nanoclays	  in	  the	  nanocomposites	  with	  different	  wt.%	  of	  nanoclay	  incorporation.	  Figure	  4.4	  a),	  b)	  and	  c)	   shows	   the	  FTIR	   spectra	  of	  PLA,	  nanoclays	   and	  nanocomposites	  with	  different	  wt.%	  incorporation	   of	   C30B,	   C15A	   and	   D43B.	   Analysing	   the	   FTIR	   spectra	   of	   the	   three	  nanoclays	   it	   is	   possible	   to	   identify	   characteristic	   bands:	   bands	   around	   3500	   cm-­‐1	  assigned	  to	  OH	  stretch,	  2940	  and	  2880	  cm-­‐1	  associated	  with	  CH	  stretch,	  1472	  and	  726	  cm-­‐1	  assigned	   to	  CN	  stretch	  of	   the	  organo-­‐modifiers	  and	  at	  about	  950-­‐1050	  cm-­‐1	  SiOSi	  stretching	  [88,	  122,	  123].	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Figure	  4.4	  -­‐	  FTIR	  spectra	  of	  PLA,	  nanoclays	  and	  PLA	  nanocomposites	  with	  different	  wt.%	  nanoclay	  incorporation:	  a)	  C30B,	  b)	  C15A	  and	  c)	  D43B.	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Comparing	   the	   FTIR	   spectra	   of	   PLA	   with	   PLA	   nanocomposites	   (Figure	   4.4),	   no	  significant	   changes	   are	   observed	   as	   a	   result	   of	   the	  nanoclays	   addition.	   Some	  nanoclay	  bands	  are	  covered	  by	  the	  saturation	  of	  the	  PLA	  bands	  and	  is	  only	  noted	  a	  little	  increase	  intensity	   in	   some	   common	   bands	   (this	   increase	   is	   higher	   for	   nanocomposites	   with	   5	  wt.%	   nanoclay	   incorporation).	   Although	   the	   organo-­‐modifiers	   of	   the	   nanoclays	   are	  different,	  infrared	  spectra	  are	  similar	  between	  all	  nanoclays	  and	  nanocomposites.	  
4.1.4.	  Study	  of	  nanocomposites	  morphology	  SEM	   is	   a	   technique	   widely	   used	   to	   study	   materials	   morphology	   and	   Figure	   4.5	  shows	   the	   fractured	   surface	   of	   PLA	   nanocomposites	   with	   3	   and	   5	   wt.%	   of	   nanoclay	  incorporation.	  	  A	  good	  dispersion	  degree	  of	  nanoclay	  particles	  without	  aggregates	  in	  the	  micron	  range	   can	  be	   observed	   in	   the	  micrographs	   of	   the	   samples	   containing	  3	   and	  5	  wt.%	  of	  PLA/C30B	  and	  3%	  of	  PLA/D43B.	  Contrarily,	   the	  sample	  with	  5	  wt.%	  of	  D43B	  exhibits	  some	   clay	   aggregates	   dispersed	   in	   the	   polymer	  matrix.	   The	   incorporation	   of	   3	   and	   5	  wt.%	  of	  C15A	  results	  in	  worse	  level	  of	  clay	  dispersion	  since	  more	  clay	  aggregates	  were	  observed.	  	  The	   better	   dispersion	   achieved	   with	   C30B	   can	   be	   associated	   to	   the	   strong	  interactions	   between	   the	   carbonyl	   functions	   of	   PLA	   chains	   and	   hydroxyl	   functions	   of	  C30B,	  which	  seem	  to	  improve	  the	  dispersion	  of	  this	  clay	  in	  the	  PLA	  matrix	  [64,	  124].	  	  Based	   on	   morphology	   and	   nanoclay	   dispersion,	   most	   of	   the	   future	   analyses	  performed	  and	  presented	   in	   this	   thesis	  were	  made	  with	  nanocomposites	  with	  3	  wt.%	  nanoclays	  incorporation.	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Figure	  4.5	  -­‐	  SEM	  micrographs	  of	  (a)	  PLA/C30B	  3	  wt.%,	  (b)	  PLA/C30B	  5	  wt.%,	  (c)	  PLA/C15A	  3	  wt.%,	  (d)	  PLA/C15A	  5	  wt.%,	  (e)	  PLA/D43B	  3	  wt.%	  and	  (f)	  PLA/D43B	  5	  wt.%.	  
4.1.5.	  Study	  of	  nanoclays	  dispersion	  XRD	   is	   one	   of	   the	   most	   common	   techniques	   used	   to	   analyze	   nanocomposite	  structure.	  The	  position,	  shape,	  and	  intensity	  of	  the	  different	  peaks	  may	  allow	  to	  evaluate	  the	  dispersion	  of	  mineral	  sheets	  within	  the	  polymer	  matrix	  [121,	  125].	  	  Figure	  4.6	  shows	  the	  XRD	  patterns	  of	  the	  nanoclays	  used	  and	  PLA	  nanocomposites	  with	  3	  wt.%	  nanoclay	  incorporation.	  	  Compared	   with	   powder	   nanoclays,	   the	   diffraction	   peak	   (001)	   plane	   in	   the	  nanocomposites	  shifts	  to	  lower	  angles.	  The	  decrease	  of	  the	  diffraction	  angles	  means	  that	  PLA	  macromolecules	  were	   inserted	   between	   the	   nanoclay	   layers	   and	   nanocomposites	  with	   an	   intercalated	   structure	   were	   obtained.	   The	   d-­‐spacing	   values	   (basal	   distance	  between	  clay	  layers)	  were	  calculated	  using	  Bragg’s	  law	  (λ	  =	  2dsinθ;	  d	  is	  the	  interlayer	  d-­‐spacing	   and	   λ	   is	   the	   wave	   length).	   The	   calculated	   d001	  distance	   expands	   1.60	   nm	   for	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PLA/C30B,	  0.62	  nm	  for	  PLA/C15A	  and	  0.38	  and/or	  1.65	  nm	  for	  PLA/D43B	  (Figure	  4.6	  (a),	   (b)	   and	   (c),	   respectively).	   According	   to	   these	   results,	   while	   nanocomposites	   with	  C30B	  present	  higher	  increase	  of	  interlayer	  separation,	  nanocomposites	  with	  C15A	  show	  lower.	  	  From	  XRD	  results	  little	  can	  be	  said	  about	  the	  spatial	  distribution	  of	  the	  nanoclays	  or	  any	  structural	  non-­‐homogeneity	  in	  nanocomposites.	  In	  fact,	  SEM	  results	  indicate	  that	  clay	  aggregates	  were	  formed	  in	  PLA/C15A	  nanocomposites.	  	  
	  
Figure	  4.6	  -­‐	  X-­‐ray	  diffractograms	  recorded	  for	  powder	  nanoclays	  and	  prepared	  nanocomposites	  of	  a)	  C30B,	  b)	  C15A	  and	  c)	  D43B.	  
4.1.6.	  Determination	  of	  intrinsic	  viscosity	  The	  viscosity	  determination	  of	   a	   polymeric	   solution	   is	   a	   simple	  way	   to	   estimate	  and	  follow	  molecular	  weight	  changes	  of	  polymers.	  Intrinsic	  viscosity	  (η)	  measurements	  were	  performed	  in	  PLA	  pellets	  and	  PLA	  and	  PLA	   nanocomposites	   prepared	   to	   evaluate	   the	   influence	   of	   processing	   and	   nanoclay	  incorporation.	   Figure	   4.7	   present	   the	   percentage	   of	  ηdifference	   between	   PLA	   pellets	  and	  PLA	  and	  PLA	  nanocomposites	  prepared	  by	  melt	  mixing.	  A	  decrease	  of	  6	  %	  in	  η	  was	  observed	   to	  PLA	  and	   is	   attributed	   to	   traces	  of	   residual	  monomers,	  water	  and	   residual	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organometallic	   compounds	   used	   in	   the	   polymerization	   reactions,	   which	   can	   be	  responsible	   for	   the	   occurrence	   of	   chain	   length	   reduction	   by	   hydrolysis	   or	   alcoholysis	  reactions	   [126].	   A	   very	   high	   sensitivity	   of	   PLA	   to	   thermal	   degradation	   during	   melt	  processing	  has	  been	  reported	  even	   in	   the	  presence	  of	  antioxidant	   [67].	  After	  nanoclay	  incorporation	  a	  decrease	  in	  η	  was	  observed	  for	  all	  nanocomposites	  (8	  %	  for	  C30B,	  14-­‐19	  %	  for	  D43B	  and	  20	  %	  for	  C15A).	  This	  can	  be	  explained	  by	  the	  shear	  during	  melt	  mixing	  of	   PLA	   and	   nanoclay.	   Hydrolysis	   of	   the	   PLA	   matrix	   is	   accelerated	   by	   the	   high	  temperature,	  shear	  and	  the	  reactive	  groups	  of	  the	  modifiers	  of	  each	  clay	  [121].	  C30B	  is	  the	  nanoclay	  that	  has	  less	  influence	  on	  thermal	  stability	  of	  PLA	  during	  processing	  (when	  compared	  with	  the	  other	  nanoclays	  studied	  in	  this	  work).	  
	  
Figure	  4.7	  -­‐	  %	  of	  η	  difference	  between	  PLA	  pellets	  and	  PLA	  and	  nanocomposites	  prepared	  by	  melt	  mixing.	  
4.1.7.	  Thermal	  analysis	  	  TGA	   is	   used	   to	   evaluate	   the	   thermal	   stability	   of	   polymeric	   materials	   under	  different	   conditions.	   Thermal	   stability	   of	   PLA	   and	   PLA	   nanocomposites	   with	   3	   wt.%	  nanoclays	   incorporation	   was	   measured	   on	   TGA	   under	   nitrogen	   and	   the	   results	   are	  shown	  in	  Figure	  4.8.	  	  Results	   show	   that	   PLA	   has	   an	   onset	   degradation	   temperature	   of	   331	   °C,	  nanocomposites	  with	  C30B	  and	  C15A	  have	  339	   °C	  and	  with	  D43B	   this	   temperature	   is	  shifted	   to	  341	  °C.	  The	   incorporation	  of	  nanoclays	   in	  PLA	  matrix	  seems	   to	   increase	   the	  thermal	   stability	   of	   the	   polymer.	   It	   is	   generally	   believed	   that	   the	   introduction	   of	  inorganic	  components	  into	  organic	  materials	  can	  improve	  their	  thermal	  stabilities	  [121].	  In	   nanocomposites	   with	   3	   wt.%	   nanoclay	   incorporation	   the	   increase	   in	   the	   thermal	  stability	  can	  be	  attributed	  to	  an	  ablative	  reassembling	  of	  the	  silicate	  layers,	  which	  may	  occur	  on	   the	  surface	  of	   the	  nanocomposites	  creating	  a	  physical	  protective	  barrier	  and,	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on	  the	  other	  hand,	  volatilization	  might	  also	  be	  delayed	  by	  the	  effect	  of	  the	  silicate	  layers	  dispersed	  in	  the	  nanocomposites	  [25,	  123,	  127].	  	  
	  
Figure	  4.8	  -­‐	  TGA	  curves	  of	  PLA	  and	  PLA	  nanocomposites.	  	  All	   nanocomposites	   present	   a	   final	   residue	   of	   3%	   due	   to	   the	   presence	   of	   the	  nanoclays.	  
	  
4.2.	  Thermo-­‐oxidative	  degradation	  After	  preparation	  and	  initial	  characterization,	  PLA	  and	  PLA	  nanocomposites	  were	  submitted	   to	   thermo-­‐oxidative	   degradation	   as	   described	   in	   Experimental	   Chapter	  (3.3.1).	  The	  degraded	  samples	  were	  then	  analysed	  by	  NMR,	  FTIR,	  viscosimetry	  and	  DSC	  and	  the	  results	  compared	  with	  the	  ones	  obtained	  for	  initial	  samples.	  
4.2.1.	  1H	  NMR	  analyses	  1H	  NMR	  spectra	  were	  performed	  for	  PLA	  and	  PLA	  nanocomposites	  with	  3	  wt.%	  of	  nanoclay	  incorporation	  after	  120h	  of	  thermo-­‐oxidative	  degradation.	  The	  chemical	  shift	  (δ)	   values	   obtained	   in	   the	   1H-­‐NMR	   spectra,	   signal	   intensities	   and	   the	   corresponding	  groups	  are	  listed	  in	  table	  4.3.	  It	  was	  already	  observed	  that	  the	  assignments	  obtained	  for	  initial	  PLA	  and	  PLA	  nanocomposites	  were	   in	  well	  agreement	  with	   literature	   [115]	  and	  the	  results	  for	  	  degraded	  samples	  were	  similar	  (no	  changes	  in	  chemical	  shift	  values	  were	  observed).	   However,	   differences	   in	   the	   signal	   intensities	   can	   be	   noticed.	   The	   proton	  intensity	  ratio	  (CH3/CH)	  has	  a	  theoretical	  value	  of	  3	  and	  this	  ratio	  must	  remain	  constant	  if	   degradation	   takes	   place	   upon	   the	   ester	   linkage,	   or	   if	   is	   processed	   by	   hydrolysis	   or	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radical	  degradation,	  among	  others	   [128].	  The	  proton	   intensity	  ratio	   for	  PLA	  0h	   is	  3.71	  and	  for	  PLA	  120h	  is	  2.97,	  for	  PLA/C30B	  0h	  is	  3.22	  and	  for	  C30B	  120h	  is	  3.07.According	  to	   the	   literature	   [128]	   only	   pyrolytic	   elimination	   (which	   is	   responsible	   for	   the	  transformation	   of	   CH-­‐CH3	   into	   CH=CH2)	   can	   be	   responsible	   for	   a	   lower	   ratio.	   But	   this	  mechanism,	   if	   present,	  must	   be	   a	   secondary	   and	   less	   important	   degradation	   pathway	  since	   there	  was	   no	   signal	   for	   CH2	   protons	   in	   1H	  NMR.	   Comparing	   PLA	   and	   PLA/C30B	  samples,	   the	  decrease	  of	  proton	   intensity	  ratio	   is	  higher	   for	  PLA,	  which	  can	  be	  related	  with	   different	   extent	   of	   thermal	   degradation.	   The	   results	   obtained	   for	   PLA/C15A	   and	  PLA/D43B	  (not	  shown)	  were	  similar	  to	  PLA/C30B.	  	  
Table	  4.3	  -­‐	  1H	  NMR	  data	  for	  PLA	  samples.	  	   δ	  CH3	  (ppm)	   Signal	  intensity	  (%)	   δ	  CH	  (ppm)	   Signal	  intensity	  (%)	  PLA	  0h	   1.56	  –	  1.60	   78.76	   5.14	  –	  5.21	   21.24	  PLA	  120h	   1.58	  –	  1.60	   74.81	   5.13	  –	  5.21	   25.19	  PLA/C30B	  0h	   1.57	   76.29	   5.16	   23.71	  PLA/C30B	  120h	   1.57	   75.43	   5.15	   24.57	  	  
4.2.2.	  Intrinsic	  viscosity	  measurements	  The	   intrinsic	   viscosity	   (η)	   of	   PLA	   and	   its	   nanocomposites	   with	   3	   and	   5	   wt.%	  nanoclay	   addictions	   before	   and	   after	   120	   hours	   of	   thermo-­‐oxidative	   degradation	   is	  depicted	   in	  Figure	  4.9.	  Compared	  with	   initial	  values,	  a	  significant	  decrease	   in	  viscosity	  after	   120	   hours	   of	   degradation	   can	   be	   noticed	   for	   all	   samples.	   However,	   with	   the	  incorporation	  of	  3	  wt.%	  of	  nanoclays	  this	  decrease	  was	  lower	  than	  for	  PLA.	  Comparing	  these	  samples,	  the	  sequence	  of	  the	  viscosity	  decrease	  was	  the	  following:	  PLA	  >	  C30B	  >	  C15A	  >	  D43B.	  The	  incorporation	  of	  5	  wt.%	  of	  the	  nanoclays	  leads	  to	  a	  higher	  decrease	  in	  viscosity	  of	  PLA	  nanocomposites	  than	  PLA	  and	  than	  PLA	  with	  3	  wt.%	  but	  the	  trend	  is	  the	  same.	  	  	  Since	   the	   intrinsic	   viscosity	   difference	   between	   initial	   and	   degraded	   PLA/D43B	  nanocomposites	  was	  lower	  than	  with	  the	  other	  nanoclays,	  it	  seems	  that	  the	  addition	  of	  D43B	   has	   more	   influence	   enhancing	   the	   PLA	   thermal	   stability,	   as	   it	   was	   already	  observed	   on	   TGA	   results.	   A	   possible	   explanation	   for	   this	   different	   behaviour	   between	  the	  different	  nanoclays	  can	  be	  the	  presence	  of	  hydroxyl	  groups	  in	  the	  chemical	  structure	  of	   C30B,	   associated	   to	   the	   good	   clay	   dispersion	   achieved	   (Figure	   4.5),	   that	   could	  promote	  the	  hydrolysis	  of	  PLA	  macromolecules	  [129]	  resulting	   in	  a	  higher	  decrease	  of	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intrinsic	  viscosity	  when	  compared	  to	  D43B.	  Since	  C15A	  and	  D43B	  do	  not	  have	  reactive	  chemical	   groups	   that	   could	   induce	   chain	   scission,	   the	   samples	   with	   these	   nanoclays	  should	  exhibited	   less	   viscosity	  decrease.	  This	   is	   true	   for	   the	   addition	  of	  D43B	  and	   the	  better	   dispersion	   of	   this	   nanoclays	   in	   the	   PLA	   matrix	   observed	   in	   SEM	   (Figure	   4.5)	  results	   could	   contribute	   to	   this	   higher	   thermal	   stability	   achieved.	   The	   presence	   of	  aggregates	   in	  nanocomposites	  containing	  C15A	  and	   the	  minor	  d-­‐spacing	  of	   interlayers	  achieved	  could	  explain	  the	  higher	  intrinsic	  viscosity	  decrease.	  
	  
Figure	  4.9	  -­‐	  Intrinsic	  viscosity	  (η)	  for	  initial	  and	  degraded	  samples.	  
4.2.3.	  FTIR	  analysis	  FTIR	  spectra	  of	  PLA	  and	  PLA	  nanocomposites	  with	  3	  wt.%	  nanoclay	  incorporation	  obtained	   before	   and	   after	   24,	   96	   and	   120	   hours	   of	   thermo-­‐oxidative	   degradation	   are	  presented	  in	  Figures	  4.10	  to	  4.13,	  respectively.	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Figure	  4.10	  –	  FTIR	  spectra	  of	  PLA	  obtained	  before	  and	  after	  24,	  96	  and	  120	  hours	  of	  thermo-­‐oxidative	  degradation	  in	  four	  regions:	  	  a)	  3700-­‐2800	  cm-­‐1,	  b)	  1700-­‐1600	  cm-­‐1,	  c)	  1400-­‐1200	  cm-­‐1	  and	  d)	  1000-­‐500	  cm-­‐1.	  	  In	  Figure	  4.10	  a)	  an	  increase	  of	  the	  bands	  in	  the	  3650-­‐3500	  cm-­‐1	  region,	  assigned	  to	   OH	   end	   groups	   [88,	   119]	   and	   free	   hydroxyl	   groups	   [121],	   was	   observed	   along	  degradation	   time,	  as	  well	   as	  a	  decrease	   in	   the	  bands	  3000-­‐2800	  cm-­‐1	  attributed	   to	  CH	  deformation	  (including	  symmetric	  and	  asymmetric	  bands)	  [115,	  116,	  121].	  A	  large	  and	  saturated	  band	  around	  1750	  cm-­‐1	  can	  be	  assigned	  to	  C=O	  from	  ester	  groups	  [115,	  121]	  and	  Figure	  4.10	  b)	  shows	  two	  new	  shoulders	  at	  1724	  and	  1714	  cm-­‐1	  after	  degradation.	  These	  can	  be	  associated	  to	  the	  formation	  of	  new	  carbonyl	  compounds	  and,	  in	  the	  literature,	  the	  band	  at	  1714	  cm-­‐1	  was	  assigned	  to	  COOH	  [115].	  A	   huge	   reduction	   in	   the	   band	   around	  1380-­‐1310	   cm-­‐1	   attributed	   to	   CH	   linkages	  [115,	  116,	  121]	  (Figure	  4.10	  c)	  can	  be	  detected	  after	  degradation,	  which	  is	  in	  agreement	  with	  what	  was	  observed	  in	  Figure	  4.10	  a).	  Crystallization	  leads	  to	  a	  decrease	  of	  the	  band	  at	  1267	  cm-­‐1	  [118]	  assigned	  to	  CO	  stretch	  [115,	  116,	  121].	  In	   the	   region	   from	   1000	   to	   500	   cm-­‐1	   showed	   in	   Figure	   4.10	   d)	   it	   can	   be	   seen	   a	  decrease	  of	  the	  amorphous	  band	  at	  955	  cm-­‐1	  [118]	  assigned	  to	  CH3	  and	  CC	  linkages	  [115,	  116]	   and	   the	   appearance	   of	   a	   new	   band	   at	   920	   cm-­‐1,	   characteristic	   of	   α	   crystals.	   It	   is	  already	  known	   that	   the	  band	  at	  869	  cm-­‐1	   is	  assigned	   to	   the	  amorphous	  phase	  and	   the	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band	   at	   755	   cm-­‐1	   to	   the	   crystalline	   phase	   [88,	   115],	   and	   along	   degradation	   a	   small	  increase	  of	  both	  bands,	  C-­‐COO	  and	  C=O	  vibrations,	  were	  observed	  [88,	  115,	  116,	  121].	  An	  increase	  and	  unfolding	  of	  the	  band	  around	  700	  cm-­‐1,	  which	  corresponds	  to	  C=O	  [116]	  was	  also	  detected.	  
	  
Figure	  4.11	  -­‐	  FTIR	  spectra	  of	  PLA	  with	  3	  wt.%	  C30B	  obtained	  before	  and	  after	  24,	  96	  and	  120	  hours	  of	  thermo-­‐oxidative	  degradation	  in	  four	  regions:	  a)	  3700-­‐2800	  cm-­‐1,	  b)	  1700-­‐1600	  cm-­‐1,	  c)	  1400-­‐1200	  cm-­‐1	  and	  d)	  1000-­‐500	  cm-­‐1.	  	  FTIR	  spectra	  obtained	  for	  PLA	  with	  3	  wt.%	  C30B	  are	  depicted	  in	  Figure	  4.11.	  The	  overall	   FTIR	   spectrum	   is	   quite	   similar	   to	   the	   one	   obtained	   for	   PLA	   (Figure	   4.10),	   no	  vibration	   modes	   are	   totally	   suppressed	   and	   no	   new	   modes	   seem	   to	   appear	   due	   to	  nanoclay	   presence.	   PLA	   structure	   changes	   are	   due	   to	   degradation	   and	   not	   due	   to	  nanoclay	  addiction.	  The	  results	  obtained	  with	  different	  nanoclays	  were	  similar	  (Figure	  4.12	  and	  4.13).	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Figure	  4.12	  -­‐	  FTIR	  spectra	  of	  PLA	  with	  3	  wt.%	  C15A	  obtained	  before	  and	  after	  24,	  96	  and	  120	  hours	  of	  thermo-­‐oxidative	  degradation	  in	  four	  regions:	  a)	  3700-­‐2800	  cm-­‐1,	  b)	  1700-­‐1600	  cm-­‐1,	  c)	  1400-­‐1200	  cm-­‐1	  and	  d)	  1000-­‐500	  cm-­‐1.	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Figure	  4.13	  -­‐	  FTIR	  spectra	  of	  PLA	  with	  3	  wt.%	  D43B	  obtained	  before	  and	  after	  24,	  96	  and	  120	  hours	  of	  thermo-­‐oxidative	  degradation	  in	  four	  regions:	  a)	  3700-­‐2800	  cm-­‐1,	  b)	  1700-­‐1600	  cm-­‐1,	  c)	  1400-­‐1200	  cm-­‐1	  and	  d)	  1000-­‐500	  cm-­‐1.	  
4.2.4.	  Thermal	  analysis	  Thermal	   properties	   of	   PLA	   and	   PLA	   nanocomposites	   were	   evaluated	   by	   DSC.	  Figure	   4.14	   presents	   the	   crystallinity	   degree	   of	   PLA	   and	   PLA	   nanocomposites	   with	   3	  wt.%	  nanoclay	  before	  and	  after	  120	  hours	  of	  thermo-­‐oxidative	  degradation.	  	  It	   is	   known	   that	   the	   addition	   of	   the	   nanoclays	   promotes	   the	   extent	   of	  crystallization	   of	   PLA	  during	   heating	   indicating	   that	   they	   can	   act	   as	   nucleating	   agents	  [64,	  130].	  This	  was	  observed	   for	  C30B	  and	  D43B	  probably	  due	   to	   the	  good	  dispersion	  achieved	  and	  to	  the	  lower	  molecular	  weight	  observed	  before.	  With	  the	  incorporation	  of	  C15A	  a	  non-­‐expected	  decrease	  in	  crystallinity	  degree	  was	  observed	  probably	  due	  to	  the	  heterogeneity	  and	  aggregates	  formation	  observed	  in	  this	  sample.	  	  After	  120	  hours	   of	   thermo-­‐oxidative	  degradation	   an	   increase	  of	   the	   crystallinity	  degree	   can	  be	  observed	   for	  all	   samples.	  This	   increase	  was	  higher	   for	  nanocomposites.	  This	  increase	  is	  due	  to	  the	  hydrolysis	  of	  the	  PLA	  chains,	  in	  the	  amorphous	  region	  rather	  than	   in	   the	   crystalline	  because	   they	  are	  more	  accessible.	  The	   shorter	  PLA	  chains	  have	  higher	   mobility	   and	   they	   can	   reorganize	   easily,	   which	   leads	   to	   an	   increase	   of	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crystallinity	  degree	  [121,	  129].	  As	  expected,	  due	  to	  the	  higher	  chain	  scission	  induced	  by	  hydroxyl	   groups,	   the	   nanocomposites	   with	   C30B	   presents	   higher	   crystallinity	   degree	  after	  degradation.	  	  
	  
Figure	  4.14	  -­‐	  Crystallinity	  degree	  (χ)	  of	  initial	  and	  degraded	  samples	  with	  3	  wt.%	  nanoclay	  incorporation.	  	  Table	  4.4	  presents	  Tg	  and	  Tm	  values	  obtained	   from	  DSC	  analysis.	   It	  can	  be	   firstly	  noted	  that	  the	  PLA	  Tg	  in	  the	  nanocomposites	  appears	  to	  de	  slightly	  higher	  than	  PLA.	  This	  behaviour	  has	  been	  observed	  by	  other	  authors	  [45,	  69]	  and	  is	  ascribed	  to	  the	  restricted	  segmental	   motions	   at	   the	   organic–inorganic	   interface	   neighbourhood	   of	   intercalated	  compositions.	  The	  nanoclay	  incorporation	  does	  not	  affect	  the	  Tm	  of	  the	  nanocomposites	  in	  agreement	  with	  what	  was	  observed	  by	  other	  authors	  [84,	  89].	  	  
Table	  4.4	  –	  Tm	  and	  Tg	  values	  obtained	  for	  PLA	  and	  PLA	  nanocomposites	  with	  3	  wt.%	  nanoclays	  incorporation.	  
Samples	   Tg	  (°C)	   Tm	  (°C)	  PLA	  0h	   48.5	   164.5	  PLA	  120h	   -­‐	   164.5	  PLA/C30B	  0h	   57.3	   166.6	  PLA/C30B	  120h	   -­‐	   164.8	  PLA/C15A	  0h	   50.7	   164.9	  PLA/C15A	  120h	   -­‐	   164.6	  PLA/D43B	  0h	   50.3	   164.5	  PLA/D43B	  120h	   -­‐	   164.7	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4.3.	  Photo-­‐oxidative	  degradation	  In	  order	  to	  obtain	  information	  about	  UV	  stability	  of	  PLA	  and	  PLA	  nanocomposites,	  initial	   samples	   were	   submitted	   to	   photo-­‐oxidative	   degradation	   in	   an	   accelerated	  chamber	  as	  described	  in	  Experimental	  Chapter	  (3.3.2).	  The	  degraded	  samples	  were	  then	  analysed	  by	  NMR,	  FTIR,	  viscosimetry	  and	  DSC	  and	  the	  results	  compared	  with	  the	  ones	  obtained	  for	  initial	  materials.	  
4.3.1.	  1H	  NMR	  analysis	  In	   order	   to	   evaluate	   if	   visible	   changes	   in	   the	   chemical	   structure	   of	   PLA	   were	  observed	   during	   photo-­‐oxidative	   degradation,	   degraded	   samples	  were	   analysed	   by	   1H	  NMR.	  The	  δ	  values	  obtained	   in	   the	   1H	  NMR	  spectra	  and	   the	  corresponding	  groups	  are	  listed	   in	   Table	   4.5.	   It	   can	   be	   observed	   that	   the	   assignments	   obtained	   are	   in	   well	  agreement	   with	   literature	   [115].	   No	   changes	   in	   chemical	   shift	   values	   are	   observed	  between	  PLA	  0	  h,	  PLA	  300	  h	  and	  PLA	  600	  h.	  However,	  there	  are	  differences	  in	  the	  signal	  intensities	   and	   in	   proton	   area	   ratio	   (CH3/CH),	   which	   decrease	  with	   degradation.	   This	  was	   already	   explained	   previously	   in	   NMR	   results	   from	   thermo-­‐oxidative	   degraded	  samples.	  	  	  
Table	  4.5	  -­‐	  1H	  NMR	  data	  for	  PLA	  samples.	  
	   δ	  CH3	  (ppm)	   δ	  CH	  (ppm)	   Relative	  area	  CH3/CH	  
PLA	  0h	   1.56	  –	  1.60	   5.14	  –	  5.21	   3.71	  
PLA	  300h	   1.58	  –	  1.60	   5.14	  –	  5.21	   3.26	  
PLA	  600h	   1.58	  –	  1.60	   5.13	  –	  5.20	   3.18	  	  
4.3.2.	  Intrinsic	  viscosity	  measurements	  Intrinsic	  viscosity	  (η)	  measurements	  were	  performed	  in	  degraded	  samples	  along	  time	   together	  with	   the	   initial	  values	   (Figure	  4.15).	  An	   initial	  decrease	   in	  η	   is	  observed	  for	   all	   nanocomposites.	   Reasons	   for	   these	   changes	  may	   involve	   the	   shear	   during	  melt	  mixing	   of	   PLA	   and	   nanoclay.	   Hydrolysis	   of	   the	   PLA	  matrix	   is	   accelerated	   by	   the	   high	  temperature,	  shear	  and	  the	  reactive	  groups	  of	  the	  modifiers	  of	  each	  clay	  [45,	  121].	  	  PLA	  η	  decrease	  slightly	  after	  200	  hours	  of	  photo-­‐oxidative	  degradation	  and	  then	  this	  value	  remain	  practically	  unchanged	  until	  600	  hours.	  η	  of	  nanocomposites	  gradually	  decrease	  with	  increase	  of	  degradation	  time	  and	  the	  major	  decreases	  were	  observed	  with	  C30B	   and	   C15A.	   The	   reduction	   of	   the	   η	   of	   the	   PLA	   and	   PLA	   nanocomposites	   films	  indicates	   that	   chain	   scission	   plays	   an	   important	   role	   among	   the	   degradation	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mechanisms.	  The	  photo-­‐degradation	  of	  PLA	  is	  reported	  to	  cause	  chain	  cleavage	  and	  the	  formation	  of	  lower	  molecular	  weight	  compounds	  [44,	  131].	  As	   can	   be	   seen	   in	   Figure	   4.15,	   the	   absolute	   slope	   of	   the	   lines	   adjusted	   to	   the	  experimental	   values,	   is	   an	   indicator	   of	   photo-­‐oxidative	   degradation	   rate,	   is	   higher	   in	  nanocomposites	   with	   C30B	   and	   C15A.	   The	   presence	   of	   hydroxyl	   groups	   in	   C30B	  associated	  to	  good	  nanoclay	  dispersion	  and	  an	  intercalated	  structure	  may	  accelerate	  the	  photo-­‐oxidative	   degradation	   of	   PLA	   and	   the	   formation	   of	   lower	   molecular	   weight	  compounds.	  As	  C15A	  did	  not	  present	  reactive	  functional	  groups,	  the	  high	  decrease	  in	  η	  may	  be	  explained	  by	  the	  presence	  of	  aggregates	  in	  PLA	  matrix.	  	  
	  
Figure	  4.15	  -­‐	  Intrinsic	  viscosity	  of	  initial	  and	  along	  degradation	  samples	  of	  PLA	  and	  PLA	  nanocomposites.	  	  
4.3.3.	  FTIR	  analysis	  FTIR	   spectra	   of	   PLA	   and	   PLA	   nanocomposites	   with	   3	   wt.%	   nanoclay	   addiction,	  recorded	  in	  three	  different	  regions,	  were	  obtained	  before	  and	  after	  300	  and	  600	  hours	  of	  photo-­‐oxidative	  degradation.	  	  The	   infrared	   spectra	   of	   PLA	   during	   photo-­‐oxidative	   degradation	   (Figure	   4.16)	  present	   the	   characteristic	   bands	   of	   the	   polymer	   [88,	   115,	   116,	   118,	   119,	   121].	   No	  significant	  changes	  are	  observed	  in	  the	  chemical	  structure	  of	  PLA	  after	  degradation:	  no	  vibration	  modes	  are	  suppressed;	  no	  new	  modes	  seem	  to	  appear	  due	  to	  degradation	  time	  and	  only	   slight	   increase	   intensity	   in	   some	  bands	   are	  observed.	  This	   is	   in	   concordance	  with	  viscosity	  measurements,	  as	  photo-­‐degraded	  PLA	  did	  not	  show	  significant	  decrease	  of	  intrinsic	  viscosity.	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Figure	  4.16	  -­‐	  FTIR	  spectra	  of	  PLA	  obtained	  before	  and	  after	  300	  and	  600	  hours	  of	  photo-­‐oxidative	  degradation	  in	  three	  regions:	  a)	  4000-­‐2800	  cm-­‐1,	  b)	  1900-­‐1600	  cm-­‐1	  and	  c)	  1500-­‐500	  cm-­‐1.	  	  The	   photo-­‐degradation	   of	   PLA	   was	   previously	   described	   in	   literature	   to	   occur	  according	   to	   a	  Norrish	   II	  mechanism	   (Figure	   4.17)	   of	   carbonyl	   polyester	   [44,	   55,	   56].	  This	   mechanism	   causes	   chain	   cleavage	   and	   the	   formation	   of	   C=C	   double	   bands	   and	  hydroperoxide	   O-­‐H	   at	   newly	   formed	   chain	   terminals.	   However,	   this	   mechanism	   was	  proposed	  based	  on	  results	  obtained	  with	  a	  light	  source	  emitting	  in	  the	  UV	  domain	  from	  220	   nm	   [55],	   thus,	   in	   a	   region	   where	   the	   carbonyl	   groups	   of	   aliphatic	   polyester	   can	  absorb	   energy	   an	   consequently	   lead	   to	  photoreaction	   [120,	   122].	   These	   conditions	  do	  not	  simulate	  natural	  outdoor	  exposure,	  so	  in	  this	  work	  the	  UV	  light	  wavelengths	  bellow	  300	  nm	  were	  filtered	  (Figure	  3.3).	  Based	  on	  the	  formation	  of	  anhydride,	  new	  mechanisms	  for	  PLA	  photo-­‐degradation	  have	   been	   proposed	   [120,	   122,	   132].	   Figure	   4.18	   presents	   PLA	   photo-­‐degradation	  mechanism	   proposed	   by	   Bocchini	   et	   al.	   [122].	   Photo-­‐degradation	   usually	   begins	   by	  radical	   formed	   from	   impurities	   by	   UV-­‐irradiation	   or	   thermal	   decomposition.	   The	  reaction	  with	  higher	  probability	  is	  the	  abstraction	  of	  tertiary	  hydrogen	  from	  PLA	  chain	  with	  the	  formation	  of	  a	  tertiary	  radical	  P•	  (1).	  This	  radical	  can	  react	  with	  oxygen	  to	  form	  a	   peroxide	   radical	   (2),	   which	   may	   easily	   abstract	   another	   hydrogen	   from	   a	   tertiary	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carbon	  with	  the	  formation	  of	  an	  hydroperoxide	  and	  the	  initial	  radical	  P•	  (3).	  Then,	  the	  hydroperoxide	   undergoes	   photolysis	   (4)	   with	   the	   formation	   of	   the	   HO•	   and	   a	   PO•	  radical	  that	  can	  further	  evolve	  by	  β-­‐scission	  (5).	  Taking	  into	  account	  the	  stability	  of	  the	  different	   fragments	   the	   most	   probable	   β-­‐scission	   appears	   to	   be	   the	   (5b)	   reaction,	  leading	  to	  the	  formation	  of	  anhydride	  groups.	  
	  
Figure	  4.17	  –	  PLA	  photo-­‐degradation	  mechanism	  proposed	  by	  Bocchini	  et	  al.	  [122].	  	  Janorkar	   et	   al.	   [132]	   reported	   the	   occurrence	   of	   two	   mechanisms	   for	   the	  degradation	   of	   PLA	   under	   UV	   irradiation.	   As	   described	   in	   Figure	   4.17,	   the	   first	  mechanism	   involves	   a	   photolysis	   reaction	   leading	   to	   breakage	   of	   the	   backbone	   C–O	  bond.	   The	   second	   one	   involves	   photo-­‐oxidation	   of	   PLA	   leading	   to	   the	   formation	   of	  hydroperoxide	   and	   its	   subsequent	   degradation	   to	   compounds	   containing	   a	   carboxylic	  acid	  and	  diketone	  end	  groups.	  Furthermore,	  the	  photolysis	  of	  the	  diketone	  may	  lead	  to	  the	  homolytic	  cleavage	  of	  the	  C–O	  bond	  between	  the	  two	  carbonyl	  groups,	  resulting	   in	  two	  carbonyl	  radicals.	  This	  radical	  pair	  can	  undergo	  cage	  escape	  to	  form	  several	  photo	  products.	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Figure	  4.18	  –	  a)	  and	  b)	  represent	  two	  PLA	  photo-­‐degradation	  mechanisms	  proposed	  by	  Janorkar	  et	  al.	  [132].	  	  Gardette	   et	   al.	   [120]	   propose	   the	   mechanism	   shown	   in	   Figure	   4.19.	   This	  mechanism	  involves	  a	  classical	  hydrogen	  abstraction	  on	  the	  polymeric	  backbone	  at	  the	  tertiary	   carbon	   in	   the	   α-­‐position	   of	   the	   ester	   function	   leading	   to	   the	   formation	   of	  macroradicals.	  It	  is	  postulated	  that	  initiation	  of	  the	  photochemical	  reaction	  results	  from	  the	  presence	  of	  chromophoric	  defects	  in	  the	  polymer	  at	  very	  low	  concentrations.	  	  
	  
Figure	  4.19	  -­‐	  PLA	  photo-­‐degradation	  mechanism	  proposed	  by	  Gardette	  et	  al.	  [120].	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Figure	  4.20	  shows	  the	  characteristic	  infrared	  spectra	  obtained	  for	  PLA/C30B.	  The	  overall	  response	  of	  the	  FTIR	  spectra	  is	  quite	  similar	  to	  the	  one	  obtained	  for	  PLA	  (Figure	  4.16)	   therefore,	   any	   changes	   on	   PLA	   structure	   are	   due	   to	   degradation	   and	   not	   due	   to	  nanoclay	   addiction	   (the	   photo-­‐degradation	   mechanism	   of	   PLA	   did	   not	   change	   with	  nanoclay	   addiction).	   It	   is	   observed	   higher	   band	   intensity	   for	   the	   nanocomposites	  compared	  to	  the	  polymer	  after	  degradation,	  enlargement	  of	  the	  band	  corresponding	  to	  C=O	  and	  the	  appearance	  and	  increase	  with	  degradation	  time	  of	  a	  shoulder	  at	  1845	  cm-­‐1.	  On	  the	  basis	  of	  the	  literature	  data,	  this	  band	  is	  assigned	  to	  anhydride	  groups	  [120,	  122]	  and	  are	   in	  agreement	  with	  the	  photo-­‐degradation	  mechanism	  proposed	  by	  Bocchini	  et	  al.	  [122]	  and	  Gardette	  et	  al.	  [120].	  	  
	  
Figure	  4.20	  -­‐	  FTIR	  spectra	  of	  PLA	  with	  3	  wt.%	  C30B	  obtained	  before	  and	  after	  300	  and	  600	  hours	  of	  photo-­‐oxidative	  degradation	  in	  three	  regions:	  a)	  4000-­‐2800	  cm-­‐1,	  b)	  1900-­‐1600	  cm-­‐1	  and	  c)	  1500-­‐500	  cm-­‐1.	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Figure	  4.21	  -­‐	  FTIR	  spectra	  of	  PLA	  with	  3	  wt.%	  C15A	  obtained	  before	  and	  after	  300	  and	  600	  hours	  of	  photo-­‐oxidative	  degradation	  in	  three	  regions:	  a)	  4000-­‐2800	  cm-­‐1,	  b)	  1900-­‐1600	  cm-­‐1	  and	  c)	  1500-­‐500	  cm-­‐1.	  	  Results	  obtained	  with	  C15A	   (Figure	  4.21)	  and	  D43B	   (Figure	  4.22)	   incorporation	  were	  similar	  to	  the	  one	  with	  C30B,	  without	  the	  appearance	  of	  the	  band	  at	  1845	  cm-­‐1.	  These	   results	   show	   that	   nanoclay	   incorporation	   seems	   to	   enhance	   PLA	   photo-­‐oxidative	  degradation,	  specially	  C30B.	  According	   to	   the	   literature	   [58,	   88,	   115,	   118],	   there	   are	   bands	   related	   to	  amorphous	  phase	  of	  PLA	  (955	  and	  869	  cm-­‐1)	  and	  to	  crystalline	  phase	  (755,	  912	  and	  923	  cm-­‐1).	  As	  all	  these	  bands	  are	  present	  in	  FTIR	  spectra	  of	  the	  PLA	  and	  PLA	  nanocomposites	  and	  all	  of	  them	  increase	  with	  degradation	  time,	  the	  results	  were	  not	  elucidative	  in	  what	  concerns	   to	   the	   effect	   of	   photo-­‐oxidative	   degradation	   on	   crystallinity.	   In	   order	   to	  overcome	  this	  problem,	  DSC	  measurements	  were	  performed.	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Figure	  4.22	  -­‐	  FTIR	  spectra	  of	  PLA	  with	  3	  wt.%	  D43B	  obtained	  before	  and	  after	  300	  and	  600	  hours	  of	  photo-­‐oxidative	  degradation	  in	  three	  regions:	  a)	  4000-­‐2800	  cm-­‐1,	  b)	  1900-­‐1600	  cm-­‐1	  and	  c)	  1500-­‐500	  cm-­‐1.	  
4.3.4.	  Thermal	  analysis	  Thermal	  properties	  of	  PLA	  and	  PLA	  nanocomposites	  were	  evaluated	  by	  DSC	  and	  Figure	   4.23	   show	   the	  DSC	   curves	   of	   photo-­‐degraded	   samples	   after	   600	   h.	   The	   results	  show	   that	   photo-­‐oxidative	   degradation	   does	   not	   affect	   the	   Tm	   of	   the	   PLA	   and	   PLA	  nanocomposites.	  
	  
Figure	  4.23	  –	  DSC	  curves	  of	  PLA	  and	  PLA	  nanocomposites	  photo-­‐degraded	  after	  600	  hours.	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  Figure	   4.24	   presents	   the	   crystallinity	   degree	   of	   PLA	   and	   PLA	   nanocomposites	  before	  and	  after	  600	  hours	  of	  photo-­‐oxidative	  degradation.	  	  It	   is	   known	   that	   the	   addition	   of	   the	   nanoclays	   promotes	   the	   extent	   of	  crystallization	  of	  PLA	  on	  heating	   indicating	   that	   they	   can	  act	   as	  nucleating	  agents	   [64,	  130].	   This	   was	   observed	   for	   initial	   nanocomposites	   with	   C30B	   and	   D43B	   but	   not	   for	  PLA/C15A	  as	  the	  χ	  was	  minor	  than	  for	  initial	  PLA.	  	  With	   degradation	   an	   increase	   of	   χ	   is	   observed	   for	   all	   samples,	   specially	   for	  nanocomposites.	  This	  is	  in	  concordance	  with	  viscosity	  and	  infrared	  resusts	  as	  the	  higher	  differences	   were	   found	   on	   nanocomposites	   samples.	   This	   results	   indicate	   that	   the	  addiction	  of	  nanoclays	  can	  promote	  PLA	  photo-­‐oxidative	  degradation.	  	  	  	  	  	  
	  
Figure	  4.24	  -­‐	  Crystallinity	  degree	  (χ)	  of	  initial	  and	  600	  hours	  degraded	  samples.	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"We	  know	  very	  little,	  and	  yet	  it	  is	  astonishing	  that	  we	  know	  so	  much,	  and	  still	  more	  
astonishing	  that	  so	  little	  knowledge	  can	  give	  us	  so	  much	  power."	  	  —	  Bertrand	  Russell	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This	  work	   is	   original	   and	   contributes	   to	   increase	   the	   scientific	   knowledge.	  Until	  now	  no	  work	  was	  published	  concerning	  PLA	  thermo-­‐oxidative	  degradation	   in	  an	  oven	  with	  different	  type	  and	  amount	  of	  nanoclays	  (most	  of	  these	  studies	  used	  TGA)	  and	  only	  two	   works	   have	   been	   devoted	   to	   the	   study	   of	   PLA	   nanocomposites	   UV	   stability.	  However,	   one	   of	   the	  works	   is	   related	   to	   natural	  weathering	   and	   the	   other	   uses	   other	  nanoclays.	  The	  research	  presented	  in	  this	  thesis	  aimed	  to	  evaluate	  the	  influence	  of	  different	  nanoclays	  addiction	  (Cloisite	  30B,	  Cloisite	  15A	  and	  Dellite	  43B)	  and	  different	  nanoclay	  amount	   (3	  and	  5	  %	   in	  weight)	  on	   the	   thermal	  and	  UV	  stability	  of	  PLA.	  Therefore,	   this	  work	  began	  with	  the	  preparation	  of	  PLA	  and	  PLA	  nanocomposites	  by	  melt	  mixing	  and	  obtaining	  thin	  films	  in	  a	  hot	  press.	  	  The	  prepared	  materials	  were	  characterized	  by	  XRD	  showing	  that	  nanoclays	  were	  intercalated	   in	   the	   PLA	   matrix.	   However,	   according	   to	   SEM	   results,	   better	   nanoclay	  dispersion	  were	  obtained	  for	  PLA	  nanocomposites	  with	  C30B	  and	  nanoclay	  aggregates	  were	  found	  in	  the	  case	  of	  C15A.	  Chemical	  structure	  analyses	  by	  FTIR	  and	  1H-­‐NMR	  show	  that	  no	   significant	   changes	   in	  PLA	  occurred	   as	   a	   result	   of	   nanoclays	   incorporation.	  As	  expected,	  PLA	  sensitivity	   to	  melt	  processing	  was	  observed	  by	   the	  decrease	  of	   intrinsic	  viscosity,	  mainly	  in	  the	  case	  of	  nanocomposites.	  According	  to	  TGA	  results,	  the	  addiction	  of	   nanoclays	   seems	   to	   enhance	   the	   thermal	   stability	   of	   PLA	   under	   non-­‐oxidative	  atmosphere.	  PLA	   and	   PLA	   nanocomposites	   were	   submitted	   to	   thermo-­‐oxidative	   degradation	  and	   results	   from	   1H-­‐NMR	   and	   intrinsic	   viscosity	   showed	   that	   chain	   scission	   occurred	  after	  120	  hours	  of	  degradation.	  Changes	  in	  FTIR	  spectra	  of	  degraded	  samples	  evidence	  the	   formation	  of	  new	  carbonyl	   compounds.	  With	  3	  wt.%	  nanoclays	   incorporation,	   less	  difference	   between	   initial	   and	   degraded	   samples	   intrinsic	   viscosity	   was	   observed,	  indicating	  that	  the	  addition	  of	  this	  amount	  of	  nanoclays	  could	  enhance	  the	  PLA	  thermal	  stability	   under	   oxidative	   conditions.	   The	   addition	   of	   D43B	   seemed	   to	   contribute	   to	  increase	   PLA	   thermal	   stability	   since	   the	   intrinsic	   viscosity	   differences	   between	   initial	  and	  degraded	  samples	  were	  minor.	  	  The	  reduction	  of	  the	  intrinsic	  viscosity	  of	  the	  PLA	  and	  PLA	  nanocomposites	  films,	  along	   600	   hours	   in	   an	   accelerated	   chamber,	   indicates	   that	   chain	   scission	   plays	   an	  important	   role	   among	   the	   degradation	   mechanisms	   and	   photo-­‐oxidative	   degradation	  rates	   were	   higher	   for	   nanocomposites	   C30B	   and	   C15A.	   FTIR	   spectra	   of	   PLA	   did	   not	  present	  significant	  changes	  along	  degradation.	  However,	  in	  nanocomposites	  a	  shoulder	  at	   1845	   cm-­‐1	   appeared	   and	   increased	   with	   degradation	   time,	   which	   indicate	   that	   the	  presence	  of	  nanoclays	   enhanced	  photo-­‐oxidative	  degradation	  according	   to	   a	  proposed	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mechanism	  that	  leads	  to	  anhydride	  formation.	  DSC	  results	  evidence	  that	  nanoclays	  had	  a	  nucleation	  effect	  on	  PLA	  and	  lower	  molecular	  weight	  compounds	  were	  formed	  as	  the	  crystallinity	  degree	  of	  samples	  increase	  with	  degradation.	  PLA	   nanocomposites	   prepared	   in	   the	   present	   work	   exhibited	   higher	   thermal	  stability	  and	  lower	  photo	  stability	  than	  PLA.	  	  	  
	  	  
	  	  	  	  	  	  	  	  	  	  	  	  
Chapter 6   
	   Future	  perspectives	  	  	  	  
“I	  do	  not	  know	  what	  I	  may	  appear	  to	  the	  world,	  but	  to	  myself	  I	  seem	  to	  have	  been	  
only	  like	  a	  boy	  playing	  on	  the	  sea-­‐shore,	  and	  diverting	  myself	  in	  now	  and	  then	  
finding	  a	  smoother	  pebble	  or	  a	  prettier	  shell	  than	  ordinary,	  whilst	  the	  great	  ocean	  
of	  truth	  lay	  all	  undiscovered	  before	  me.”	  ―	  Isaac	  Newton	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Nowadays,	   high	   quantities	   of	   plastic	   materials,	   usually	   discarded	   after	   the	   first	  use,	   lead	   to	   a	   negative	   impact	   on	   the	   environment.	   To	   overcome	   this	   problem	   the	  interest	  on	  biodegradable	  polymers,	   like	  PLA,	   increased.	  However,	   the	  development	  of	  PLA	  materials	  for	  wide	  applications	  needs	  information	  about	  thermal	  and	  UV	  stability.	  	  Take	  into	  consideration	  the	  results	  and	  conclusions	  of	  the	  present	  research,	  some	  future	  work	  can	  be	  recommended.	  	  -­‐	  A	  more	  detailed	  investigation	  of	  the	  nanocomposites	  preparation	  is	  required	  to	  explore	  and	  obtain	  exfoliated	  structures	  and	  analysis	  with	  TEM	  can	  also	  give	  important	  information;	  	  -­‐	   For	   industrial	   applications,	   the	   evaluation	   of	   the	   nanocomposites	   mechanical	  properties	  is	  very	  important;	  -­‐	   One	   of	   the	   most	   promising	   directions	   of	   this	   research	   would	   be	   further	  investigation	  of	  PLA	  nanocomposites	  biodegradation;	  -­‐	  It	  would	  be	  also	  very	  interesting	  to	  continue	  the	  degradation	  studies	  with	  more	  nanoclays	  type	  and	  amount;	  -­‐	   Given	   the	   importance	   of	   PLA	   use	   in	   food	   packaging	   applications,	   permeability	  experiments	  to	  oxygen	  should	  be	  carried	  out.	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